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ABSTRACT OF THESIS
The investigations reported in this thesis arose from an
interest in the problems inherent in the treatment cf thyrotoxicosis
with radioiodine (1^®l). This form of therapy combines the short
term disadvantage of slow and unpredictable control of symptoms and
the long term disadvantage of unpredictable late onset hypo¬
thyroidism. In a group of thyrotoxic patients, increasing the mean
therapy dose of j hastens the rate of control but raises the
incidence of hypothyroidism: smaller doses diminish the hypothyroid
rate but lengthen the time fbr control of symptoms.
In view of these difficulties it was decided to pursue three
lines of investigation. Firstly, a series of radiation studies
were carried out on the rat thyroid to obtain more information about
relevant radiobiological mechanisms. Secondly, therapeutic trials
of low doses of ^i and ^-radiation (Cobalt-60) were oonducted in
an attempt to reduce the incidence of late onset hypothyroidism.
Thirdly, a method of automatic life-long follow-up was initiated to
deal with the problem of undiagnosed hypothyroidism occurring in
patients treated in the past with ^31j# jn addition two other
subsidiary studies emerged in the course cf the work. The
experimental model used in the radiation studies consisted of the
"goitrogenic response" of the rat thyroid to methylthicuracil
administration. As a prerequisite to thiese investigations it was
necessary to define the normal goitrogenic response in relation to
both/
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both gland weight and thyroid follicular cell population. This, in
turn, involved the use of certain quantitative histological
techniques. As some of these were found to be unsatisfactory a
study of their theoretical foundations was undertaken with a view to
defining their practical usefulness and limitations. The results
of all these investigations are presented in the various sections of
this thesis and the main conclusions are summarised below.
Section I:
The goitrogenic response of the rat thyroid to me thylthiouracil
is triphasic, consisting of a lag phase of 2 days and a logarithmic
growth phase lasting 10 days followed by a plateau phase. As the
mean follicular cell concentration remains constant thmighout all
three phases, the changes in the total follicular cell population
with methyIthlouraci1 administration parallel those for gland
weight. Finally, contrary to expectations, follicular coll
hypertrophy does not precede hyperplasia in the goitrogenic response
but is concomitant with it.
Section II;
The goitrogenic response described above was used as the model
for studying the effects of x-radiation in the range 0 to 2,500 rads
on the rat thyroid. It was again found that the follicular cell
concentration remained constant irrespective of dose of x-rays, time
after/
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after irradiation and time on methylthiouracil. Ccnsecyiently, a3
in the normal goitrogenic response, the changes in thyroid weight
can be equated with the changes in the total thyroid follicular
cell population.
In the dose range emplqyed there was no evidence of immediate
or delayed cell death although 1,000 rads x-rays left fewer than
of the follicular cells reproductively intact. The corollary
of this is that doses of x-rays which do cause significant cell
death must leave only an infinitely small number of cells
reproductive3y intact. It is therefore concluded that a "radiation
partial tfcyroidectony", which requires the comhinaticn of significan
cell death and significant cell reproductive survival to ensure
continuance of an adequate functioning thyroid oell population, is
intrinsically impossible using homogeneous thyroid irradiation.
Section III:
This section reports the effects of doses of x-rays in the
range 0 to 2,500 rads on rat thyroid function as measured by the
iodide trapping capacity of the gland. The absence of aqy
significant effect up to 12 months after 1,000 rads x-irradiation
is consistent with the absence of significant cell death reported in
Section II and indicates that there is no significant production of




The fluctuations in iodide trapping during the first 96 hours
after 500 to 2,500 rads x-raaiation suggests that short term damage
of a reversible nature has ocourred. This may be due to
cytoplasmic (enzyme) damage or to arterial spasm resulting in
temporary tissue ischaeinia.
Section IV:
In this section the results of the clinical trials of low doses
of and ^-radiation (°®Co) in the treatment of thyrotoxicosis
are reported. Of 30 patients treated with doses of 131j calculated
to deliver 2,400 rads to the thyroid only 11 were euthyroid 2 to 3
years later. Persisting hyperthyroidism, relapse or hypothyroidism
ocourred in the remainder. In the 28 patients treated by ^-radiation
25 relapsed after antithyroid drugs were withdrawn. It is
concluded that there are no indications fbr the treatment cf thyro¬
toxicosis vdth external radiation alone and. that a "predictable
radiation partial thyroidectony" with 131j in^ossible in the
individual patient. The possible radiobiological mechanisms
underlying these observe.tiens are discussed in relation to these
conclusions.
As a therapeutic eonpromise, a treatment policy which attempts
to postpone the development of thyroid failure to a time beyond the




In recognition of the high cumulative incidence of hypo¬
thyroidism follovdng "*311 therapy and the unreliability of patients
in long term self administration of thyroxine replacement therapy,
an automated life-long follow-up scheme has been put into operati cn
in the Aberdeen area. This is carried cut by the patients' family-
doctor with the aid of a serum PBI estimation and a computer derived
dia^iostic index for hypothyroidism. This has proved efficient in
the deteotion of hypothyroidism and extremely economical of medical
manpower with an 89®? reduction in the demands on the hospital out¬
patient clinic. A me year pilot survey, in the Manchester area,
of a group of patients treated with 1 in 1957-58 has demonstrated
both the need for such a scheme and the difficulties inherent in its
retrospective application.
Section VI:
In this section a set of propositions in statistical geometry
are considered in relation to certain quantitative histological
techniques concerned with the estimation of numbers, •volumes and
surface areas of tissue structures. Proofs of these propositi ens
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Since the high incidence of iatrogenic hypothyroidism (40f
eight years after treatment) in thyrotoxic patients treated with
mdioiodine was appreciated, the radiobiology of the thyroid gland
has become a subject of great clinical importance. The method of
treatment in its orthodox form is clearly unsatisfactory and
attempts are being made to improve it in various centres.
Unfortunately these efforts are taking place against a background
of inadequate radiobiological information.
External radiation was once used extensively in the treatment
of thyrotoxicosis and many reports exist claiming that the disease
could be cured by "this means. Hayes (1927) claimed that 62% of
his cases were cured and that 14/? improved. Croover, Christie,
Merritt, Coe and McPeak (1929) claimed an 89?? cure rate and 9/i
improved. Hayes (1927) warned of the possibility cf inducing
hypothyroidism by radiation overdosage but gives no indication of
the incidence of this occurrence. Unfortunately it is impossible
in many cases to ascertain what rad dose the patients received as
complete physical details of the x-ray machine and procedure are
not supplied. Furthermore, in all cases the total doses were
fractionated over several weeks and calculation of the one dose
equivalent is impossible. It is estimated by Coolden (1964) that
the total cumulative dose could not have exceeded 3,500 roentgens.
It is therefore of interest that 5 cases of hypotiyroidism were
found/
found by Markson & Flatman (1965) within three years at x-ray
therapy for laryngeal cancer and that Einhorn and Wikholm (1967)
found a diminished response to T.S.H. in 41 similar patients 10
years after therapy with overt hypothyroidism in 3 cases.
Radioiodine (^^I) when it was introduced by Hertz in 1941
offered a golden therapeutic opportunity. Here was an agent which
could seek out its own target and then destrqy it, the degree of
destruction, it was thought, being proportional to the millicurie
dose administered. Numerous trials of this agent have been reported.
In the series reported by Greig, Crooks and Macgregor (1966), 38/
remained thyrotoxic and 25/ became hypothyroid with one dose.
Of those requiring a second dose (38/) 37/ remained thyrotoxic, 29/
became euthyroid and 27f became hypothyroid. Occasional3y three
or four doses were required. The rate of control of hyper¬
thyroidism with radioiodine therapy is therefore slow and the
incidence of hypothyroidism is very high and increases with the
number of doses given and the length of time after treatment. The
same pattern has been reported by Beling & Einhom (1961), Dunn &
Chapman (1964), Green & Vilaon (1964), KcGirr, Thompson & Murray
(1964) and Einhorn & Wicklund (1966). The situation was
summarised by Crooks (1965) • In his series of patients 40??
remained thyrotoxic 6 months after therapy and 40?? were hypothyroid
8 years after therapy with no evidence of a plateau having been
reached/
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reached in the cumulative incidence. A trial of a low dose regime
of has been reported by Smith & Wilson (1967)# They gave
"calculated rad doses" of "3,500 rada" in contrast to orthodox
levels of "7,000 to 10,000 rads". This procedure lowered the
incidence of hypothyroid! sm at 5 yeara after therapy from 29ft to
7.*$ but it remains to be seen if a stable plateau will be reached
in the cumulative incidence of hypothyroidism. Furthermore, as a
result of the lower dose employed there was an even greater delay
in the attainment of the euthyroid state and antithyroid drugs were
required in a hitler proportion (64? ) of patients conpared to 43f
in the conventional dose group.
These clinical observations point to the basic conflict in
radioiodine therapy, i.e. that high doses effect rapid control but
cause a high hypothyroid rate; lowering the dose decreases the
hypothyroid rate but lengthens the period for oontrol of symptoms
unless antithyroid drugs are used. In the case of deliberately
induced mild hypothyroidism in oases of angina pectoris the
conflict disappears as this result can almost be guaranteed:
Blumgart, Freedburg & Buka (1948), Blumgart, Freedburg & Kurland
(1953) • In general, however, the ablative dose required is
(e.g. 50 m.Ci) conpared to that used in the conventional treatment
of thyrotoxicosis (6-12 m.Ci). This may be due to greater
radiosensitivity of the cells of the thyrotoxic gland or to their
increased/
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increased uptake of the administered dose. On the other hand as
yet unknown biological phenomena may be operating to produce this
disparity in ap parent radiosensitivity.
These clinical effects are in line with studies of the
function and histology of the radioiodine treated human thyroid
gland. The functional changes have been described by Pobyns,
Vickery, Maloof & Chapman (1953) snd Fckert, Green, Kilpatrick &
Wilson (i960). In patients rendered euthyroid the absolute uptake
of a tracer dose of radioiodine is within the normal range although
the residual thyroid tissue remains overactive as evidenced by a
high turnover rate of the tracer. The response to TSH is reduced
and there is little suppression of thyroid function by triiodo¬
thyronine. That the functional reserve is reduced is demonstrated
by the ease with which the serum P.B.I, can be lowered by anti¬
thyroid drug administration. These findings are in contrast to
the behaviour of the remnant after partial thyroidectomy which after
a period of five years often comes to resemble the normal thyroid
both functionally and histologically. The histological picture in
the radioiodine treated cases is compatible with the functional
observations and has been described by Pobyns et al, (1953)»
Freedburg, Ku&and $• Blumgart (195?)» Lindsay, Bailey & Jones (1954)
and Curran, Eckert <£ Wilson (1958). The acute changes consist of
nuclear pyknosis, cell death, small vessel thrombosis and oedema of
the stroma. In the long term, there are sirall islands of
functioning/
I
functioning cells embedded in large voTames of fibrous tissue. The
follicles are small and irregular with little colloid storage; the
follicular cells are large end many of them have bizarre nuclear
forms.
In none of these series were malignant cells observed in the
histological sections. In adults no significant incidence of
thyroid cancer has been found either after external x-ray therapy
(Quimby & ferner, 1949), or after mdioiodine therapy (Hollingworth,
Hamilton, Tamagaki & Beebe, 1963). In children and adolescents,
however, a definite association between external x-irradiation of
the neck and the subsequent development of thyroid cancer has been
established (Goolden, 1964)* It has also been suggested by
Sheline, Lindsay and Bell (1959) that thyroid cancer may follow the
use of radioiodine fbr treating hyperthyroidism in childhood. In
Boniaeh" s animal experiments (1953) a significant number of rats
developed thyroid carcinoma after being treated with low doses
(5 to 30ywCi) of 1 31j followed by methylthiouracil. No such
1
tumours were found in a group of rats given 100^4 Ci I. One
possible interpretation of this phenomenon is that all doses of
radiation cause cancerous mutations but with really high doses the
cancer cells are rendered incapable of division. It is unfortunate
for this reassuring hypothesis, however, that Goldberg & Chaikoff
(1952) described thyroid cancer in rats within two years of their
receiving/
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receiving 400 uCi of "'^1'.
Anolher possible biological hazard of radioiodine therapy is
leukaemogenesis but no significant incidence of this has been
observed: Pochin (1960), Green, Fisher, Miller & Wilson (1961) and
Werner, Gdttelsbon & Brill (1961) . Similarly no significant
| incidence of congenital raal formati ens has be® found in the children
I
j of mothers treated with radioiodine: Means, DeGroot & Stanbuiy
(1963).
The aim of radioiodine therapy is to achieve a "radiation
partial thyroidectomy", which necessitates significant cell death
combined wiih significant cell survival, but it remains to be seen
if this is possible within a reasonable period of time. Clinical
; trials, so far, have not been conclusive and it is more likely that
the solution will come from purer radiobiological situations in
which fundamental changes in cell behaviour following irradiation
: can be assessed in a quantitative manner.
In recogiitLcn of the problems presented in the above review it
was decided to initiate a group of relevant radiobiological, clinical,
and socio-medical invest! ^.tiens in an effort to understand better
and improve the treatment of thyrotoxicosis with ionising radiation.
Firstly in order to obtain mere information about the radio¬
biological problems of whole organ irradiation it was decided to
investigate the effects of accurately measured graded doses of
x-rays/
x-rayB on the goitrogenic response of the ret thyroid to methyl-
! thiouracil administration. As a prerequisite to this, however, it
was necessary to define the normal goitrogenic response more
precisely and by recourse to auantitative histological techniques to
I
convert the gpitrogenie response for -thyroid wei^it into a growth
curve for the thyroid follicular cell population. This enabled the
effects of x-radiation on the growing thyroid follicular cell
population to be expressed in terms of cell population kinetics and
the results compared with those obtained in radiobiological studies
of cell populations in tissue culture. The results of these
investigations are presented in Sections I and II of this thesis.
In addition, the effeots of x-radiation on thyroid function were
studied with particular regard to determining the possible
contribution of non-functioning fbllicu lar cell mutants to any
decrease in thyroid function (Section III).
Secondly, in the lifht of the results of the trial of low doses
131i in the treatment of thyrotoxicosis reported by Smith & Wilson
(1967) it was decided to conduct a trial of even smaller doses of
131l in an effort to further diminish the incidence of hypothyroid-
ism. In addition, because of the trend to lower doses cf ^1 the
possibility of using external radiation therapy suggested itself,
particularly in view of the reports of successful x-ray therapy
/ 60
discussed above. With modern radiotherapy techniques (e.g. Co
derived/
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derived -radiation) it was hoped to improve on ihe results obtained
in the pre-''3^1 era and to overcome -the problems of dosimetry
inherent in 1311 therapy. Because of the relatively small number
of new tiyro toxic patients presenting annually in Aberdeen these
trials were carried out in two centres. The trial of low doses of
131X was conducted at the Thyroid Clinic, Glasgow Western Infirmary
with the co-operation of Br, M,7. Harrison, The trial of external
radiation therapy was carried out at the Thyroid Clinic, Aberdeen
Royal Infirmary (Section IV),
Thirdly, it was clearly necessary to find a solution to the
problem of undiagnosed hypotlyrc idism in those patients who had
been treated with 31j in the past. Consequently an automated
method of life-long follow-up was designed and put into operaticn in
the Aberdeen area (Korth-East Scotland Regional Board of Management)
with the aim of detecting typothyroidism in patients who were
previously undiagnosed and in those who had established hypo¬
thyroidism but vho had failed to adhere to their thyroxine replace¬
ment therapy regime. As the Aberdeen area is particularly
favourable to the success cf such a scheme it was decided to test
its efficacy under the most adverse conditions. For this purpose a
group of patients treated at the Christie Hospital, Manchester in
1957-58 were chosen. These patients not only resided in a
metropolitan area but in the majority cf cases had not been reviewed
| Tor/
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for ei^it years. They -therefore provided an opportunity to assess
both the magnitude of the public health problem resulting from late
onset hypothyroidism and the operational difficulties inherent in
the fbllow-up scheme. (Section V).
Finally, in the course of the histological investigation of the
goitrogenic response of the rat thyroid it emerged, from a review of
the relevant literature, that there was considerable conflision
concerning the theory and practical application of various
quantitative histological techniques. Consequently a study of the
theoretical basis of these methods was undertaken in an atteupt to
define their practical limitations and usefulness. (Section VI).
SECTION I




Methy1thioureail administraticti causes the rat thyroid gland to
undergo an increase in wei^it (the goitrogenic response) s Thyssen
(1947)# Santler (1957)» Croaks, G-reig, Macgregor and Mcintosh (1964).
Doniach and Logothetopoulos (1955) observed that 1he goitrogenic
response could be inhibited by ionising radiation delivered by
radioiodine. Crooks et al. (19^4) used the degree of inhibition of,
the goitrogenic response as an indicator of the effect of various
levels of x-ray dosage on the thyroid cell population by comparing
the growth pattern of irradiated rat thyroids with that of
unirradiated controls. They found that the normal growth curve 'was
biphasic. Furthermore, on the basis of observed differing radio-
sensitivities of the two phases they suggested that the shape of the
growth curve n&$it be accounted for by a predominance of cell
hypertrophy in the first growth phase and a predominance of cell
hyperplasia during the second. However, Thy3sen (1947) reported a
different form of growth curve of the rat thyroid following metlyl-
thiouracil administration consisting of a lag phase, a phase cf
logarithmic growth followed by a plateau phase.
In view of these conflicting reports it was decided to
investigate the normal goitrogenic response of the rat thyroid gland
to raethylthiouracil administrati on and by recourse to (jiantitative
histological/
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histological techniques to see what relation existed between the
increase in thyroid wei^at and the increase in the follicular cell
population and follicular cell volume. It was hoped thereby to
find a better model fbr investigating the effects of ionising
irradiation on mammalian cells in vivo.
• 12 •
MATERIALS AND METHODS
Methylthiouraci 1 powder was dissolved in weak sodium hydroxide
(100 g, in 200 ml, N/10 NaOH) and then made up with 1/ sucrose (w/v)
to a final concentration of 0,1$,
Male Wistar rats weighing 220 to 280 grammes were allowed to
drink at will the 0,1/ solution of he thy lthiouracil in 1/ sucrose.
The sucorse encouraged the animals to drink (Crooks et al, 1964).
Control animals received the 1/ sucrose solution only. Fresh
sucrose and methylthiouracil solutions were prepared every second
day. Sample groups of test and control animals were killed before
commencing metlylthiouracil administration and at intervals there¬
after. The precise arrangements were as follows.
experiment P: A pilot 3tu<^y (P) was carried out with 14 randomly
constituted groups of 5 rats each. There were 20 animals to each
cage and the animals were marked distinctively according to group.
Two groups (10 animals) were killed on Day 0 and cne group an days
3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33 and % after commencing
methylthiouracil administration. The animals were killed by
prolonged chloroform anaesthesia, "their thyroid glands removed,
cleaned of all muscle and connective tissue under a dissecting
microscope and weighed on a torsion balance. The accuracy of the
torsion balance was periodically checked over its whole range (0 to
50 mg.) against an accurate balance.
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Experiment A: Nineteen groups of five rats were randomly
constituted and marked distinctively according to their group. Two
groups (10 animals) were killed on Day 0, eleven groups were started
on metiylthiouracil and the remaining six groups acted as controls.
One group of the test animals was killed every second day up to
22 days and one group of the controls on days 0, 4, 8, 12, 16 and 20,
The animals were killed and their thyroids removed, cleaned and
weighed as in Erqperiment P. The gLands were then fixed in neutral
buffered formalin and embedded in wax in a vacuum oven.
Histological sections were cut with random orientation to the
longitudinal axis of the gland with a Spencer 820 precision
microtome. Microtome sections of 6^ thickness were taken at
intervals throu^i the gland and stained with haematoaylin and eosin.
The section with the largest surface area was chosen fbr the various
examinations described below.
Using a Leitz Ortholux projecting microscope an image of the
stained section was projected on to a screen to a net magnification
of 1,000 (i.e. 1 m.m,11^). Estimates of the number of follicular
cells per unit volume were obtained by counting the number of
follicular cell nuclei in each field contained within the boundaries
of ten predesigiated squares of a superinposed grid of known
scanned field by field so that the final count contained samples
from/
The entire section was
from every part of the section. In order to test the efficiency of
■this method, of counting, every single nucleus in five ncn-homogeneouji
sections nas counted and the results compared with those yielded by
the sanpling method repeated on three separate oooasions at
intervals of one week. In none of the five sections did the
estimate obtained by sampling differ significantly from that
obtained by counting every nucleus (p<0,Ol),
Nuclear diameters were measured from the projected image with
the aid of a pair of dividers. The mean nuclear diameter fbr each
section was determined by measuring in one direction the diameter of
40 nuclei distributed along a straight line which was selected before
projection of the image in each case, Hie frequency of sampling
from each secticn (i,e, 40) was also found by trial and error to
yield consistent results on repetition.
The number of follicular cells per unit volume was calculated
from the following formula which incorporates AbercroEhie's (1946)
correction factor for secticn thickness.
N .
. « 101°
(L + T) 543T
Where N is the number of cells per
10 m,m,3, No is the crude mean
estimate of the number of cells in
one square, L is the mean nuclear
diameter and T the section thickness.
•■■■ ■■■■ is Abercrombie's correction
L ♦ T
factor and 54-JP the volume of tissue
under one square of the grid
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The ireon follicular cell volume (M.C.V.) was determined as
follows. The intersection of the lines of the randomly superimposed
counting grid (see above) formed a lattice of points vhich were
orientated at random with respect to the projected image of the
various tissue structures. The relative number of points lying over
the projected image of the various tissue components such as
follicular cells, colloid and stroma approximate closely to the
relative volumes of these components providing the section thickness
is thin relative to the various tissue components (Chalkley, 1943)•
This and other propositions iu quantitative histology are discussed
in a separate section of this thesis. One hundred points of the
lattice were examined in each field and the entire section scanned
field by field. The proportion of points overlying follicular cells
yielded an estimate erf* the fraction of the total gland volume
occupied by follicular cells - i.e. the relative cell volume (R.C.V.),
The M.C.V. was then calculated by dividing this value by the mean
number of follicular cells per 10 m.m.^ (N)
i.e. M.C.V, = R-C-y°1/,3
Experiraent G; In this experiment the animals were randomly
constituted into groups of seven each. Two groups (14 animals)
were killed on Day 0 and cue group on days 2, 4, 6, 8, 10, 12 and 16
after commencing methylthiouracil. In all other respects the other
































Fig, 1: Experiment P
Graphical representation of the changes in
total thyroid weight with methyl-thiouracil
administration: the log of mean gland
weight t standard errors are plotted
against time in days after commencing
rnethylthiouracil (K.T,)
Fig. 1: Experiment P
DAYS AFTER COMMENCING METHYLTHIOURACIL (M.T.)
Graphical representation of the changes in
total thyroid weight with me thyIthiouracil
administration: the log of mean gland
weight i standard errors are plotted
against time in days after commencing
me thy Ithiouracil (M.T.)
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RESULTS
Experiment P. Table I (Appendix Table 1) shows the goitrogenic
resxsonse following methylthiouracil. These results are represented
graphically in Fig, 1 where the log of the mean gland weight ± the
standard error is plotted against time on metlylthiouraci 1. The
lag phase, exponential phase and plateau phase described by
Thyssen (1947) are clearly demonstrated,
Experiments A and G-. The results of these experiments are
conveniently considered together. The effects of metierIthiouracil
administration on mean gLand wei^it, nean follicular cell
concentration and mean follicular cell volume along with the results
in untreated controls are contained in Table II (Appendix Tables 2,
3 and 4), The results of methylthiouracil administratian are very
similar in experiments A and & and are shown graphically in Figs, 3
and 4 respectively.
Changes in Mean Gland ..eight
It can be seen from Figs, 3 and 4 that the growth curve for
tigroid gLand weight is 3hailar to that found in Experiment P with '
a lag phase of two days and exponential growth for approximately
10 days until the plateau phase is reached. In the controls the
glmd wei^t remains constant with no significant regression of
.
gland weight with time (Y = 16#2 + 0#05X)e Analysis of variance
j demonstrated that this line showed no significant deviation from
recti linearity (F«1) and that it had zero slope (F«1),
TABLEII:Experimentsand6
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Graphical representation of the changes in
log mean thyroid gland weight, mean nunber
of cells per unit volume (10 ra.m.3) and
the mean cell volume (!e.C.V,) plotted
against days after commencing
methylthiouracil (M.T.)
All ± standard error.
Fig* 3: .zperlment G
W
HISTOLOGICAL ANALYSIS OF GOITROGENIC RESPONSE
EXPERIMENT G
DAYS ON METHYL THIOURACIL (o lj )
Graphical representation of the changes in
log mean thyroid gland weight, mean number
of cells per unit volrme (10 m.m.^) and
the mean cell volume (F.C.V.) plotted
against days after oonmencing
methylthiouracil (M.T.)
All 1 standard error.
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Changs In Keen follicular Cell Concentration
In experiments A and G the mean number of follicular cells per
unit volume diowed no sigiificant regression with time on methyl-
thiouracil with Y = 3.79 - 0.02X and Y = 3.57 - 0.01X respectively.
Both these lines showed no significant deviation from recti linearity
(?<1) and both had zero slope (F = 1,2 and F<1 respectively). In
the controls there was no significant regression of mean
follicular cell concentration with time (Y = 3.82 - 0.01X)with no
significant deviation from rectilinearity (F<1) and no significant
deviation from zero slope (F«*1).
As the number of follicular cells per unit volume remains
constant irrespective of time on methylthiouracil it can be
concluded that the changes in gland weight parallel tie changes in
the total follicular cell population in the thyroid gland.
Changes in Mean Follicular Cell Volume (M.C.Y.)
In both experiments A and G the M.C.V. showed an increase with
time on methylthiouracil with regression equations of Y = 112+B + 3W
and Y a 1100 + 54X respectively and significant deviation from zero
i slope (p<0.0l). In experiment A there was no significant deviation'
from rectilinearity (F<1) although this did not hold in experiment
G (F = 6.9 and p«0.0l). In the controls there was no significant
change in the K.C.V. with time (Y = 1069 + Q.5X) with no significant
deviation from rectilinearity (F<1) and no significant deviation
from/
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| from zero slope (F<1).
Despite significant deviation frceti recti linearlty in experiment
&, it is clear, from a consideration of the time relations of the
increase in M.C.V. to the total follicular cell population in
experiments A and G-, that, in this system, cell hypertropl^r does




These observations support those of Ttyssen (1947) concerning
the shape of the growth curve for weight of the rat thyroid under a
goitrogenic stimulus. The existence cf a lag phase lasting
approximately 2 days, an exponential phase lasting 10 days and a
plateau phase which persists for as long as the goitrogen is
administered were all confirmed. The biphasic growth curve
described by Crocks et al, (19&4) was nob observed. This can be
accounted for by the long (weekly) intervals between their
successive observations, which were not frequent enough to reveal
the true form of the growth curve.
The time relations between the changes in meai cell volume and
the increase in the follicular cell population suggest that the
primary histological response of the rat thyroid follicular cells to
this dose level of methylthiouracil is not hypertrophy as one might
have anticipated. Cell hypertrophy goes on throughout the growth
cycle and the mean cell volume does not reach its maximum until the
plateau phase is reached when cell division has virtually ceased.
This phenomenon may be accounted for by the fact that during the
phase of exponential cell division there exists a mixed population
consisting of cells preparing to divide and those newly divided.
This leads one to differentiate between increase in cell size prior





division has ceased in the plateau phase of cellular prolifers.ticn.
In view of these findings the statement of Crooks et al, (1964)
that the increase in thyroid weight in the first stages of "the
goitrogenic response is principally due to cell hypertrophy and that
follicular cell hyperplasia occurs mainly at a later stage has not i
been substantiated. It must be emphasised, however, that the
conclusions with regard to the absolute values ctf the M.C.V.
and the precise pattern of follicular cell hypertrophy must be
'
regarded with scan® reserve because of the effect of fixatives on
cell size referred to by Santler (1957) and also because the M.C.Y.
is a value derived from the R.C.V, and follicular cell concentration
and -therefore contains the errors inherent in both estimates.
The constancy of the mean follicular cell concentration
throughout the growth cycle implies that this population, like the
mean gland weight begins exponential growth after a lag of
approximately two days and reaches a plateau around the twelfth day
on me thylthiourac11. One important consequenoe of "this observation
is that there is now available a population of normal mammalian
cells in their normal (or nearly normal) environment undergoing
exponential growth at a neasuruble rate. This model, therefore,
has possible application to studies of cell population kinetics,
biochemical "thermodynamic steady state" observations and the
effects of various agents on cell division in vivo. It has been
used/
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used by me to study the effects of graded doses of x-rays on the
thyroid follicular population of the rat in relation to the problems
encountered in the treatment of thyrotoxicosis with ionising
radiation. The results of these investigations are presented in





The goitrogenic effect of methylthiouracil was studied in the
male tfistar rat. A growth curve for thyroid weight consisting of
a lag phase lasting two days and an exponential phase of ten days
duration terminating in a plateau phase is described. As the
follicular cell concentration remains constant throughout the three
phases of the growth curve, the total thyroid follicular cell
population undergoes an identical pattern of increase to that for
gland weight. Estimation of the mean follicular cell volume
throughout the growth cycle suggest that, contrary to common
supposition, cell hypertrophy does not precede hyperplasia in the
goitrogenic response but is concomitant with it.
The demonstration that under a goitrogenic stimulus the thyroid
follicular cells reproduce exponentially provides a model for
quantitative studies of agents affecting cell division in vivo.
SECTION II
THE EFFECTS OF X-RADIATION ON GO ITROGEN INDUCED
G-ROiYTH QT~ THE RAT THYROID
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INTRODUCTION
The molecular events following "bombardment of a tissue by
ionising radiati on are discussed by Bacq and. Alexander (1961).
When x-rays or J^-rays enter a tissue they eject electrons from the
atoms by which they are absorbed. These ejected electrons in turn
eject electrons from other atoms mdare responsible for most of "the
ionisatl ons which occur. In the case of ^-irradiation electrons
are again ejected with similar consequences. Charged particulate
radiations such as -rays and protons collide with bound electrons
and eject then to produce ions. The ejected electrons once more go
on to produce more ionisations. Neutrons interact to produce
protons Thich behave as described above. Because cf the "crossfire'^
of secondary particles for any dose of external radiation ihe
absorbed radiation dose is greater at the centre of a solid organ
compared to its periphery.
It should be noted that molecules can be damaged directly or
indirectly by ionisation. Direct damage results when the molecule
is ionised by "the passage of an ionising particle -through it.
Indirect damage can also result if the molecules are dissolved in
water which can be ionised to form free radicals which react with
the molecules with consequent changes in their physlco - chemical
nature and function. In biological systems where water is "the




The biological efftects of ionising radiation can be described
in terms of damage to certain specific sites in the cell, i.e. the
radiobiological target. If damage to any one of several sites
results in loss of a particular fttncticn, then the radiobiological
target is large and as hits are random events the chance of loss of
function will be high even with small doses of radiation. If on
the oiher hand only damage to one particular site will result in
loss of function then the radiobiological target is ana 11 and larger
doses of radiation vdll be required to achieve the same degree of
inactivation. The amount of radiation required to achieve a
particular effect is normally expressed in terms of the D37 dose,
which is that dose of radiation required to achieve 63f inactivation
(or 57% survival). The figure 37f is chosen because it is equal to
100 .T1 where "e" is the natural logarithmic base with convenient
e
mathematical properties. In considering reproductive integrity the
D37 dose fbr any cell population is that which leaves 37? of the
population reproductively intact; 6Jf- of the cells are damaged and
lose their ability to divide.
Doses of radiation can be measured in terms of the amount of
radiation energy absorbed by the tissue in rads where 1 rad is
equivalent to 100 erg? absorbed energy per grannie of tissue.
Very little quantitative information is available on the radio-
biology/
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biology of organised tissues. Walters, Anson and Ivey (1931) found
no histological changes in the thyroid glands of dogs treated with
doses of x-rays similar to those used in the treatment of thyro¬
toxicosis at that time. Levene, Andrews and Kniseley (1955) studied
the thyroidal effects of large doses of radioiodine (^i) given to
dogs. Following the administration of the dose of ^31j there was
initial uptake cf the isotope by the thyroid gland. From the
fourth day after ^3*11 administration there was a rapid loss of
radioactivity from the gland and a rise in the bound plasma radio¬
activity. By the twelfth day there was very little radioactivity
left in the thyroid. These changes were explained by further
histological and radicautographic observations. These revealed an
initial patchy distribution of 131i throu^iout the thyroid. No
histological changes were observed during the first 3 dqys after
radioiodine administration. By the sixth day there was massive
necrosis in the central part of the gland from which nearly all
radioactivity had been lost. However, the isotope was still
concentrated in a peripheral rim of histologically intact follicles.
From the twelfth day onwards even this rim of intact tissue had
disappeared and the radioiodine was only concentrated in small
islands of :f\xnctioning cells. Clearly in this extremely complex
dynamic situation no accurate assessment of radiation dose to any of
the thyroid cells was possible. Similar studies by Findlay and
Leblond/
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Leblond (1948) arid Goldberg, Chaikoff, Lindsay and Feller (1950) cm
ratB and by Freedburg, Kurland and Blumgart (1952) in humans all
yielded similar results.
In order to achieve accurate dosimetry, St. Aubin, Kniseley and
Andrews (1955) studied the effects of external radiation (x-rays) on
tigroid histology and 131i metabolism in the dog. ',7ith a dose of
21,000 rads they found almost identical results to those obtained by
Levene et al. (1955)# i.e. accelerated release of 131j (tracer dose)
from the 4th day onwards acconpanied by gross central necrosis and
the same surviving rim of follicles at the periphery of the gland.
This suggests a biological explanation for these phenomena, e.g.
blood vessel necrosis resulting in tissue ischaemia. The latent
period of 3 days with both 131i and external radiation therapy
before histological and functional changes occurred argues against
the theory that in the case of time is needed for the
cumulative radiation dose to build up to lethal 3evel3. Although
the same authors observed similar changes with 10,000 rads they were
surprisingly of minimal degree* This small histological and
functional response to a. massive dose (10,000 rads) of x-rays is
also consistent with the electron microscope studies of KcOuade,
Seaman and Porporis (1956) on the rat thyroid in which no changes




Skanse (1948) observed that the gpitrogenic response of the
chicken thyroid to TSH and thiouracil administration could be
inhibited by large (50yOCi) but not by small (10y*Ci) doses of
radioiodine Foniaeh and Logothetopoulos (1955) used to
study the effects o^ ionising radiation on the rat thyroid. In
rats simply given 30yUCi ^ ^1 there was a decrease in thyroid wei^it
and an increase in follicular cell height indicating that cell
hypertrophy had occurred, presumably due to increased TSH
stimulation secondary to radiciodine indiced thyroid failure. The
percentage uptake of a tracer dose of by these "compensated"
glands was normal however. If the rats were hemithyroi&ectomised
prior to treatment with ^1 there was again essentially normal
uptake of a tracer dose of ^-^1 in the presence of even greater
"compensatory" follicular cell hypertrophy than in -the oontrols.
Finally the normal goitrogenic response to prcpylthiouracil was
decreased in the radiated group and was accompanied by a marked
reduction in the mitotic index although cell hypertrophy was not
reduced. Thus, doses of radiation which markedly reduced
reproductive oapacity did not impair the ability cf the follicular
cells to survive and hypertrophy and. the capacity of the whole gland
to function normally. The high incidence of abnormal nuclear forms
in this and other studies suggested that the loss of ability to




The work of Dcniach and Logothetopoulos (1955) was extended by
Crocks, Creig, Maegregor and Mcintosh (19&1 ) ?ho measured the degree
of inhibition of the goitrogenic response of the rat thyroid to
methylthiouracil administration produced by various accurately
measured doses of x-rays from an external source. They found
progressive inhibition of the .goitrogenic response vdih increasing
doses of x-rays althcu^i the uptake of a tracer dose of was
unaffected by doses of up to 1,600 rads. Histological examination
of these glands was not carried out so that the oontributicn of cell
division and cell hypertrophy to the total gland weight could not be
assessed. Hoy/ever their observations were in keeping with -those of
Doniach and Logothetopoulos (1955) end their dose response curve for
gland weight after 28 days on methylthiouracil after radiation was
similar to those obtained by in vitro by Puck and Marcus (1956) and
Hewitt and Wilson (1961).
In connection with the above observations, the work of Weinbren,
^itschen and Cohen (i960) is of interest. They performed hepatic
radiation in the rat with doses of x-rays (5,000 rads) insufficient
to cause immediate or delayed cell death. Many months later the
animals were subjected to partial hepatectony. When "the irradiated
cells tried to make good the functioning hepatic cell mass by cell
; division many of them underwent "mitotic death". In -this experiment




latent and was revealed only by the induction of cell division.
However Al-Hindawi and Wilscn (1965) demonstrated by titrated
thymidine labelling studies "that, in the rat thyroid, D.N.A.
synthesis was decreased and cell half-life shortened by ionising
radiation.
All these observations indicate that doses of radiation uhich
markedly reduce reproductive capacity do not significantly irrpair
the ability of the follicular cells to survive and hypertrophy and
j the capacity of the whole gland to funotion normally. This along
with the demonstrations of cell life shortening (Al-Hindawi & Wilscn,
1 1965) and mitotic death (Weinbren et al. i960) provides an
attractive explanation of the high hypothyroid rate in thyrotoxic
patients treated with radioiodine therapy. In other words a dose
of radioiodine sufficient to bring about a rapid decrease in thyroid
function is likely to result in long term thyroid failure due to
accelerated cell death and failure of cell replacement.
A study of relevant radiobiological observations in vitro oasts
further li^it on the possible sequelae of whole organ irradiation.
Puck, Cieciura and Robinson (195S) put tissue culture on a new
footing with the development of methods for maintaining mammalian
cells in vitro whose chromosome structure, biochemical behaviour and
genetic make-up were, as far as could be detemined, identical to
that of the cells in the tissue of origin. Using ihese cells,
Puck,/
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Puck, Morkovin, Marcus and Cieciura (1957) were able to construct
radiation dose-respcnse curves for reproductive integrity fbr a
variety of euploid human cells grown in vitro. Hewitt and Wilson
(1961) reported their dose-respcnse curves for various mouse
leukaemia cells. These cells were irradiated in vitro but
cultured in vivo by injection into test animal3. The dose
response curves for all the tumour cells tested by Hewitt & ?filson
(1961) were very similar to one another and to those fbund by Puck
and Marcus (1956), Puck et al. (1957), Morkovin and Peldman (i960)
and Berry and Andrews (1961) • The fact that similar quantitative
responses were obtained by different investigators working with
different cell types under different conditions argues "that the
radiobiological phenomena are of such a fundamental nature as to lie
applicable to mammalian cells irrespective of the site cf origin
providing variables such as the degree of oxygenation are
eliminated (Hewitt, 1962).
It must be emphasised, however, that the situation is more
complex than is indioated by the e3$>erin»nts quoted above ihich
concern themselves, in the main, with the effects of radiation cn
one aspect of cell activity, i.e, the ability to divide an
indefinite number cf times (reproductive integrity). Sinclair
(1961) reported the indicticn of cell mutants which survived but
grew more slowly than the reproductively intact cells and
unirradiated/
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unirradiated controls. Thus after irradiation there exists a
heterogeneous population with respect to cell division and this
probably applies to every aspect of cell activity. This
heterogeneity was also demonstrated by the experiments of Puck and
Marcus (1956), Tolmach and Marcus (1960) and Tolmach (1961), They
showed that cells damaged by radiation may ly3e before division,
grow without division to form giant cells vhich ultimately die or
divide a limited number of times. In addition, Elkind, Han and
Volz (i960) also found lhat weny reproductively damaged cells ccxild
divide a limited number of times, the number being inversely related
to the dose of x-rays.
The preceding discussion illustrates the complexity cf the
dynamic events which follow irradiation of the cell population of a
whole organ. Each individual effect such as immediate cell death
or loss of reproductive capacity will have its own dose response
characteristics. In addition, as many radiation effects are
probably inter-related in terms of combinations of genetic damage,
as the radiation dose increases it is unlikely that the relative
proportions of the various types of damaged oells will follow a
3inple pattern.
In the light of this, it was thought that the model described
in the previous section in rhich the cells of the rat thyroid divide
exponentially as a result of nethylthiouraeil administration would
provide an interesting system for quantitative investigate cn of the
effects of x-radiation on cell viability, function and reproductive
capacity/
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capacity in vivo. The goitrogenic response provides a population
of normal mammalian cells in their "normal" environment undergoing
predictable division at a constant and measurable rate. These
experimental conditions have hitherto only been available in
bacterial or tissue culture. By a study of the effects of graded
do3©s of x-rays on the goitrogenic response it was hoped to assess
the applicability of the in vitro observations quoted above to a
strictly in vivo situation. In particular it was hoped to assess
the possibility cf a "radiation partial thyrc idectony" or its
functional equivalent in mammals because of the relevance of this
question to the treatment of hyperthyroidism with radioiodine (^^1),
i
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Method of Irradiating the Rat Tigroid
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MATERIALS AND METHODS
Doses of x-rays in the range 0 to 2,500 rads were delivered to
the rat tigroid from a 'estinghouse 250 KV machine wi th an output
of 25 rads per minute obtained with 180 KV , 12.14 m.A. and a
0.5 mm. copper filter. The radiation dose delivered was monitored
by an ionisation chamber set in the position occupied by the rat
thyroid relative to the collimator of the x-ray machine. The rats
were anaesthetised by an intraperitoneal injection of 1.5 to 3 mis*
freshly prepared 2.5$ tribromethylalcohol solution (Avertin)
according to the length of time required for the radiation dose to
be delivered. Pour rats were irradiated at a time by means cf the
apparatus shown in Pig. 4. The rats were placed in the supine
position with the points of their noses touching the transverse
partition of the box. Their heads rested on pillows of "Mix-D wax"
in order to bring about maximum back scatter and uniform radiation
of the thyroid. The rats' bodies were shielded with a sheet of
lead 3 millimeters thick which fitted the collimator of- the x-ray
machine and through which 4 holes had been made overlying the
position of the rat thyroids. The position and size of the holes
had previously been determined by transfixing dead rats through the
centres cf the holes with needles. Dissection of the rats' necks
wa3 then performed to determine the position of the thyroid in
relation to the needle. Using this technique doses of 0, 200, 300,
400,/
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400, 600, 800, 1,000, 1,500 and 2,500 ra&s were delivered to the
thyroid region in different groups of adult male Wistar rats.
Fresh aliquots of 0.1/ methylthiouraci 1 in 1/ sucrose were
prepared every second day as described in Section I. In addition a
suspension cf tiethylthiouracil in 0.85?' saline was prepared to a
concentration of 25 tag/ml. Immediately following irradiation each
animals received a subcutaneous injection cf 1 ml (25 nig) of this
suspension. This procedure ensured a uniform starting point for
thyroid stimulation as many of the animals were drowsy during the
t \
first few hours after anaesthesia and could not he relied on to
drink the 0.1/ msti^ylthiouracil solution with which their normal
drinking water had been replaced. The suspension cf met^yl-
thiouracil was preferred to the alkaline raetl^ylthiauracil solution
which often produced skin necrosis after injection. Prior to each
injection the methylthiouraci 1 suspension was jhaken in order to
ensure uniform and consistent concentration from animal to animal.
In each radiation dose group random groups of animals were
killed at intervals follovdng irradiation, their thyroids dissected
out, cleaned and weighed and estimates of the nean follicular cell
concentration obtained as described in Section I.
EXPERIMENTAL DETAILS
Experiment G-. Adult male Wistar rats weighing 220 to 280G were
allocated at random into 68 groups of 7 each.
Ten/
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Ten groups (i.e. 70 animals) were used to determine the normal
(control) goitrogenic growth response curve. The animals were each
given a subcutaneous injection of 1ml (25 mg) of the methy1-
thiouracil suspension and their drinking water replaced by the O.ifc
methylthiouracil solution. Two groups (14 animals) were killed on
day zero and one group (7 animals) was then killed on days 2, 4, 6,
8, 10, 12, 14 and 16 after the commencement of netlylthicuracil
actainistratien.
Thirteen groups (91 animals) received a dose of 200 rads to
their thyroid glands following which 25 mg of nethylthiouracil was
injected subcutaneously and 0,1$ hethylthiouracil in If sucrose
substituted for their drinking water. Two groups (14 animals)
were killed an day zero and one group (7 animals) on days, 2, 4, 6,
8, 10, 12, 14, 16, 18, 20 and 22 after irradiation on methyl¬
thiouracil.
Twenty groups (140 animals) received a dose of 300 rads to theih
thyroids and me thyIthiou roc il administered as above. Two groups
(14 animals) were killed on day zero and one group (7 animals) on
days 2,1*6, 8, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29, 31, 33 and
35 after irradiation on methylthiouracil.
Finally in this ejqjeriment 25 groups of animals (175 animals)
received a dose of 400 rads to their thyroids and were started cn
me thylthiouraci 1 administration as above. Two groups (14 animals)
were/
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| were killed on day zero and one group on days, 2, 4, 6, 8, 10, 12,
14, 16, 18, 20, 22, 24, 26, 28, 30, 32, 35, 37, 39, 41, 43, 45 and
47 after irradiation on methylthiouracil.
Experiment K. In this experiment the general procedure was
identical to that in Experiment G, The animals ,»re once more
constituted into random groups of 7 each. A control (non-
irradiated) goitrogenic response was obtained by killing two groups
(14 animals) on day zero and one group on day3, 2, 4, 6, 8, 10, 12,
14 and 16 after commencing mettylthiouracil administration.
Sixteen groups (112 animals) received a dose of 600 rads to the
thyroid, of which two groups (14 animals) were killed on day zero
and one group (7 animals) on days 2, 4, 6, 8, 10, 14, 17, 20, 25,
28, 32, 35, 39 and 42 after irradiation am methylthiouracil.
Eighteen groups (126 animals) received 800 rads to the thyroids, of
ihich two groups were killed on day zero and one group en days 2, 4, j
6, 8, 10, 14, 18 , 21, 25 , 28 , 32 , 35 , 39 , 42 , 46 and 49 after
irradiation on methylthiouracil. Pinaliy 24 groups (166 animals)
received 1,000 rads to their thyroids and were started on methyl¬
thiouracil in the standard way. Two groups were killed on day zero
and one group on days, 2, 4, 6, 8, 10, 12, 16, 20, 23, 27, 30, 34,
37, 41, 44, 48, 51, 55, 62, 69, 92 and 132 after irradiation.
In addition in this experiment a further 24 random groups of
5 animals were used to determine the reproductive potential of the
thyro id/
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thyroid follicular cells at intervals up to one year after 1 ,000
rads x-radiation in the following way. Three months after
irradiation 6 groups of animals (30 animals) received methyl-
thiouracil in the usual way. One group of animals was killed at
intervals of 0, 2, 4, 6, 10 and 12 days after commencing the drug.
The growth pattern of the thyroid gland weight and thyroid
follicular cell population was then compared to that obtained with
methylthiouracil administration in the first 10 days after
irradiation. An identical procedure was carried cut at 6, 9 and
12 months after initial irradiation. Unfortunately, in this
experiment many of the animals died so that in some cases the final
nunfcers are not as great as those originally allocated. The actual
nurriber of animals finally examined are indicated in the results and
in the Appendix (Table 20.)
.xperiment J. In this experiment 18 groups of 6 animals each
(108 animals) were randomly constituted. Six groups were used to
obtain the control (un-irradiated) goitrogenic response growth curve.
The animals were started on me thy1th ioura.ci 1 in the usual way and
one group killed on days 0, 2, 4» 6, 8 and 10 after commencing
methylthiouracil. Another 6 groups were treated with 1,500 rads to
their thyroids before commencing methylthiouracil administration.
One group of these animals was killed on days 0, 2, 4, 6, 8 and 10
after/
• 40 -
after irradiation. The remaining 6 groups of animals reoeived
2,500 rads to -their thyroids, were started on nethylthiouracil and
one group killed on days 0, 2, 4, 6, 8 and 10 after irradiati on.
Pilot studies had shown that many aiimals receiving doses in the
range 1,500 to 2,500 rads died 14-20 days after irradiation.
Cc®sequently these experiments were not prolonged beyond 10 days
irradiati cm.
Selection of sample Groups of Animals for follicular Cell
Concentration ("^.C.C.) Estimations
.As this series of experiments proceeded certain patterns were
observed with regard to the effect of radiation cn the goitrogenic
response of the whole gland, the number of follicular cells per unit
volume, the reproductive capacity of the follicular cells and the
occurrence of cell death. As these patterns emerged it became
clear that in order to confirm them over the whole radiation dose
range, sanpling of the follicular cell counts would be sufficient.
Consequently estimates of the follicular cell concentration were
carried out on the following groups only.
Experiment G-. Follicular cell counts were carried out on all the
animals in the 0 rad, 200 rad and 400 rad groups but in none of the
300 rad group.
Experiment H. Follicular cell oounts were carried out on
approximately half the groups of animals in the 0 rad, 800 rad and
1,000 rad/
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1,000 rad groups. The actual groups in which counts were carried
out is indioated in the results (TabIs3 III, IV and V; Appendix
Tables 8, 9, 10 and 11). No follicular cell counts were performed
in the 600 rad group.
experiment J. Follicular cell counts were carried out on all the
animals in the 0 rad and 2,500 rad groups. No follicular cell
counts were carried out on the 1,500 rad group.
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RESU US
The Effects of X-Rays cn the Goitrogenic Response
Experiment G. In this experiment the effects of doses of 200 rads
and 400 rads x-irradiation cm the goitrogenic response of the rat
thyroid to msthylthiouracil administration were observed. The
results are contained in Table III (Appendix Tables 4, 5 and 7) and
illustrated diagrammatically in Fig. 5» vhere the log of the mean
gland wei^it is plotted against the number of days on raethyl-
thiouracil after irradiation. In the unirradiated (control)
goitrogenic response there is the usual lag phase of approximately
2 days followed by exponential growth for 8 to 10 days until the
plateau is reached.
In the radiated groups the pattern of a lag phase of 2 days
followed by initial exponential growth identical to that in the
control goitrogenic response was observed. However, as a result of
x-irradiaticn it can be seen that the exponential growth phase is
interrupted by a pause during vhich there is little or no increase
in gland weight. The pause is temporary, however, and is terminated
by a resumption of growth until the plateau weight attained by the
controls is reached. It should be noted that the pause occurs
earlier and lasts longer in the 400 rad group compared to the 200
red group. As an approximation arrived at by eye the pauses in
exponential growth in the 200 rad and 400 rad groups began at 3jfrng
and/
rig* 5.
EFFECT OF RADIATION ON GROWTH PATTERN
O 2 4 6 8 IO 12 14 16 18 202224 26 283032 34 37 3941 434547
DAYS ON METHYL THICHJRACIL (Ol°/o ) AFTER IRRADIATION
The Effects of 200 rads and 400 rads X-radiation on the
Goitrogenic Response to Methylthiouracil Administration
The log mean gland vreight * standard error (S.E.) is
plotted against time on methylthiouracil
after irradiation.
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TABLE III: Experiment G
Effects of X-lrradiation of the Mean Follicular Cell Concentration and
Goitrogenic Response of the Rat Thyroid
Days After
Irradiation
Mean Gland Weight (tag.)
1 Standard Error





0 rads 200 rads 400 rads 0 rads 200 rads 400 rads
0 12.710.7 11.910.6 13.0H.0 3.6810.13 4.8110.58 4.0510.21
2 13.710.7 13.111.1 12.710.8 3.7410.14 3.5610.20 3.9410.17
4 17.111.2 16.811.5 16.711.1 3.4310.19 3.3810.19 3.4510.11
6 24.611.4 23.210.6 26.310.11 3.6810.11 3.4710.32 3.6210.33
8 32.511.8 26.911.9 28.812.7 3.3510.20 3.2410.15 3.3310.10
10 37.211.7 33.712.6 30.012.6 3.5510.14 3.4710.12 3.5310.13
12 41.212.0 34.312.7 33.511.0 3.3210.11 3.6310.17 3.701C.16
14 52.514.9 38.511.7 43.214.4 3.5410.18 3.7210.08 3.1610.13
16 49.012.5 38.811.9 35.013.1 3.4211.1 3.6910.11 3.8710.13
18 50.214.3 35.712.2 3.4210.17 3.8110.16
20 40.012.8 39.513.4 3.7510.07 3.6210.12

























F Ratio for b jt 0 « 1 * 1 < 1
F Ratio for Deviation froa
Recti linearity
< 1 < 1 < 1
and 30 mg respectively. The plateau weight was finally attained at
between 14 and 18 days in the 200 rad group and between 20 and 24
days in -the 400 rad group.
Experiment H. In Ihis experiment the effect cf doses of 600 rads,
800 rads and 1,000 rad3 on the goitrogenic response were studied.
The results are contained in Table IV (Appendix Tables 8, 9, 10 and
11) and shown diagramraa tically in Fig. 6 where the log of the mean
gland weight is plotted against days on metlylthiouracil after
irradiation. As in Experiment G there is a lag phase of
approximately 2 days followed by exponential growth at a rate
similar to that found in the controls. Once more, the pause in
exponential growth occurred earlier and lasted longer with
increasing doses of x-rays. In the 1,000 , 800 and 600 rad groups
the pause commenced at gland weights of approximately 27 nig, 25 mg
and 22 mg respectively. In the 600 rad group the plateau weight
was reached at between 20 and 25 days after irradiation and in the
800 rad group at between 40 and 42 days. In the 1,000 rad group,
as far as could be determined, the pause continued even up to 132
I days after irradiation on ne thylthiouracil.
Experiment J. In this experiment -the effects of doses of 1,500 and
2,500 rads on the goitrogenic response were studied. As mentioned
previously these experiments were oontinued for only 10 days after
irradiation because many of the animals treated with doses of this
- 45 -
TABLE IV: Experiment H
Effects of X-irradiation on the Lean Follicular Cell Concentration and
Goitrogenic Response of the Rat Thyroid






Mean Gland Weight (mg.)
1 Standard Error































































































































Y » a + bx






F Ratio for b ^ 0 2.0(p>0.05) 1.2(p>0.05) <1
F Ratio for Deviation from Recti linearity i 6.1 (p<0.01) <1 <1
Tip,, 6
EFFECT OF RADIATION ON GROWTH PATTERN
O 2 4 6 8 IO 14 18 21 25 28 32 35 39 42 46 49 *—«
O 2 4 6 8 IO 12 16 20 23 27 303437 41 44 48 5155 62 69 92 132 o-o
DAYS ON METHYL THIOURACIL CO I °/o) AFTER IRRADIATION
The Effects of 600 rads, 800 rads and 1,000 rads X-irradiaticn
on 1iie Goitrogenic Response to Methylthiouracil Administration.
The log mean gland weight t standard error (S.E.) is
plotted against time on methylthiouracil
after irradiation.
order died 14 to 20 days after radiation as a result of pharyngitis
and pneumonia. The results are contained in Table V (Appendix
Tables 12, 13 and 14) and shown graphically in Fig, 7* Once more
the pattern is consistent wiHa a lag phase of approximately 2 days
and initial exponential growth in gland weight similar to that of
the unirradiated controls. The evidence suggests that in this
case the pause occurred in gland wei^xt of 17 mg in the 2,500 rad
group and 20 mg in the 1,500 rad group. Clearly no d>3ervations on
the length of the pause in exponential growth could be obtained.
- 47 -
TABLE V; Exoeria<nt J
Effects of X-lrradiation on the Mean Follicular Call Concentration and




Mean Gland Weight (rag.)
- Standard Error
Mean Nuaber of Cells/IOmm^
1 Standard Eroor
0 rads 1,500 rads 2,500 rads 0 rads 2,500 rads
0 18.0*1.9 15.210.9 15.0H .0 3.8610.17 4.0410.25
2 15.611.2 13.010.2 15.Oil .0 3.8010.18 4.1110.10
A 24.611.8 17.210.4 21.411.8 3.6110.21 3.8410.12
6 32.812.4 23.911.7 19.511.4 3.8310.13 4.2010.23
8 39.710.9 21.9H .9 16.910.7 3.6610.16 3.9910.24





























EFFECT OF RADIATION ON GROWTH PATTERN
O 2 4 6 8 (O
DAYS ON METHYL THIOURACIL (O il) AFTER IRRADIATION
The Effects of 1,500 rads and 2,500 rads X-Irradiaticn on the
Goitrogenic Response to Metlylthiouracil Administration.
The log mean gland weight i standard error (S.E.) is
plotted against time on metlylthiouracil
after irradiation.
The Effects of X-Irradlation on the Mean Follicular Cell Concentration
For purposes of presentation the results of Experiments G, H
and J are best considered together. The results are contained in
the respective parts of Tables III, IV and V (Appendix Tables 4, 5$
7» 8» 10, 11, 12, 13 ancL 14) and are shown diagrammatically in Fig.8
where the numbers of follicular cells per 10 mjn? in each experiment
are plotted against time after irradiation on metbylthiouradl. In
each case -the regression equation (Y = a + bx) of mean follicular
cell concentration on time after irradiation on me thy1th iouraci 1
was calculated and the results shorn in Tables III, IV and V. In
each radiation group (200, 400, 800, 1,000 and 2,500 rads) an
analysis of variance was performed on the regression equation and
the values of the "F ratios" for recti linearity and slope are also
contained in Tables III, IV and V. These analyses revealed that,
irrespective of the dose of x-radiation or time after irradiation on
methylthiouracil there was no sigiifioant deviation from
reotilinearity and that in all cases the slopes of the regression
equations (b) did not differ sigiif icantly from zero. Therefore
with doses of x-rays in the range 200 to 2,500 rad3 there was no
significant change in the mean number of follicular cells per unit
volume following goitrogenic challenge with methylthiouracil. A
further analysis of variance was performed on all the data from
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DAYS ON METHYL THIOURACIL COI °/o) AFTER. IRRADIATION
The Effect of X-Radiation in the range 200 to 2,500 reds on the
Follicular Cell Concentration of the Rat Thyroid during the
Goitrogenic Response to Methylthiouracil Administration,
The mean follicular cell concentration + 2 standard errors
(2 S.E.) is plotted against time after irradiation on
methylthiouracil.
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mean follicular cell concentration on radiation dose. This
demonstrated that the regression equation Y « 3.72 + 0.0001X had
no significant slcpe (F« 1) and showed no significant deviation
from rectilinearity (F = 3.6; p>0,05). Therefore doses of
x-rays in the range of 0 to 2,500 rads did not affect the mean
follicular cell concentration.
It can therefore be concluded that for the conditions observed
in these experiments the mean follicular cell concentration was
constant, irrespective of time on ne thylthiouracil, dose of and
time after x-radiation in the range 200 to 2,500 rads.
Consequently the changes in gland weight in Experiments 0, H and J
parallel the changes in the mean total follicular cell population of
the rat thyroid.
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The Long Term Effects of 1,000 rada X-radiation on the Goitrogenic
Response of the Rat Thyroid.
As part of Experiment H the goitrogenic effect of methy1-
thiouracil (0.1?£) was observed at intervals of 0, 3* 6, 9 and 12
months after 1,000 rads x-irradiation and estimates of the
follicular cell concentration in each group were made as before.
The results are shown in Table VI (Appendix Tables 15* 16, 17* 18
and 19).
The mean thyroid weight obtained after 10 days on methyl-
thiouracil administration was observed at 0, 3* 6, 9 «uad 12 months
and compared to that in the control (non-irradiated) goitrogenic
response. In the non-irradiated group a mean thyroid weight of
48.8 £ 2.1 mg (mean £ standard error) was obtained. Goitrogenic
challenge immediately after 1,000 rads x-irradiation (zero months)
resulted in a mean gland weight 22.2 £ 1.6 mg.; 3 months after
irradiation 20.1 -1.6 mg.; 6 months after irradiation 19.3 *
1.4 mg.; 9 months after irradiation 23.4 - 4.6 mg.; 12 months
after irradiation 16.7 - 0.8 mg. The regression of gland weight
after 10 days on meti\ydthiouracil on time after x-irradia ticn was
calculated and found to be Y = 22.6 - 0.4X, Analysis of variance
of this regression equation revealed that it had zero slope (F<1)
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o 3 6 9 12
Months after 1000 rads x-irradiation
Comparison of the Goitrogenic Response of the Rat Thyroid
to Kethylthiouracil Administration at Intervale of 0, 3»
6, 9 and 12 months after 1,000 rads x-irradiation.
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The regression of the mean follicular cell concentration on
tira© on metiylthiouracil was calculated for each goitrogenic
challenge at the various intervals after initial irradiation and
the results 3hown in Table VI. In each case the regression
equation shewed no deviation from recti linearity (F< 1) and no
regression significant deviation from zero slope (F<1).
As the mean fbllicular cell concentration is constant
irrespective of the time after irradiation and of ti me on me thy1-
thiouracil it can once more be concluded that the changes in gland
weight found in the goitrogenic response parallel the changes in the
total thyroid follicular cell population. Consequently over the
period cf study (1 year) there was no statistically significant
diminution in the reproductive capacity of the thyroid follicular
cells. Such a diminution had been anticipated in view of the
current concept of "normal cell life span and cell turnover".
According to the ooncept of "natural" oell death the remaining cells
have to divide to make good this loss. In the case of thyroid
which had received 1,000 rads x-radiation this would have meant
using up some of the limited reproductive capacity left in the
gland. This in turn should have reflected itself in a progressive
reduction in the goitrogenic response over the 12 months following




of resolution of this experimental technique there was no evidenoe
of statistically significant turnover in the rat thyroid follicular
cell population in the year following 1,000 rads x-irradiation of
the thyroid.
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Radiaticn Dose-Response Curve for Rat Thyroid Follicular Cells
IK VIVO
The normal goitrogenic response of the rat tiyroid to methyl-
thiouracil administration reaches a plateau in approximately 10 to
12 days. This plateau is attained as a consequence of exponential
growth brou^it about by endogenous T3H stimulation and presumably
the plateau wei#it represents that mass of functioning tlyroid
tissue required to maintain euthyroid!sm in the face of metlyl-
thiouracil administration. Alternatively some factor regulating
the upper limits for 'thyroidal volume may be operating. Whatever
the total explanation for this phenomenon a plateau vhich is
relatively constant from one experiment to another is reached after
exponential growth isiiich probably reflects a maximal division rate
cn the part of the -thyroid cells.
In general terms, as the dose of x-radiation to the "thyroid
increases the number of cells capable of division will decrease.
It can therefore be seal that in the irradiated groups the time
taken to attain the plateau weight will be inversely proportional
to 1he number of oells left immediately after irradiation which are
capable of division (see Fig. 13). This sinple concept has to be
modified in the light of the results of Sinclair (1964) who
demonstrated that the effect of radiation on cell reproductive
capacity was not an all or none phenomenon but that clones of cells
were/
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were produced which were capable of cell division at a slower rate
than the unirradiated controls. In view of this, the original
statement that the number- of reproductively intact oells left after
radiation is inversely proportional to the time taken to attain the
plateau weight has to be modified to say that with any radiation dose
the number of reproductively intact cells cannot exceed that number
which growing exponentially at a rate similar to the unirradiated
controls would attain the plateau weight in the specified number of
f
days. If these assumptions are correct, extrapolation backwards to
the ordinate (log scale) from the time at which the plateau weight
is achieved,with a strai^it line of slope identical to that found in
the normal goitrogenic response, would give an estimate of the number
of reproductively Intact cells in existence immediately after
irradiation. Several points about this procedure must be
emphasised. Firstly the model being used here is not a good method
for constructing radiation dose-response curves of this type. This
is because of the variation in the response between different
animals in any one group which makes a precise determination of the
day on hich the plateau weight is attained impossible. In order
to improve the resolution even greater numbers of animals would have
to be employed. The objection to this can be seen from the fact
that in this series of experiments a total of 2,500 male Wistar rats
were used over a period of 2 years and the number of animals which
could/
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could be housed at ary me time was limited. Secondly it will be
olear from an examination of Figs. 5» 6 and 7 that the period from
the beginning of the pause in exponential growth to the growth spurt
to the plateau weight is the least reliable part of a rather conplex
response to the radiation. This is in contrast to the aLupler
response reflected in the first part of the growth curve up to "the
pause in exponential growth. Thirdly the estimate of the number of
reproductive!/ intact cells immediately after irradiation is an
estimate of the upper limit of the number of reproductively intact
cells at that time. This is because the goitrogenic response after
irradiation is probably distorted by slow growing clones of cells
of the type described by Sinclair (1964) and by cells capable of
limited division of the type described by Elkind, Han and Voltz
(1963). Clearly interference by these t/pes of cells will be most
inroortant in the low radiation dose groups where the plateau wei^it
is attained relatively early and consequently the "distortion"
produced by these "reproductively damaged" cells will be great. In
the large radiation dose groups where the delay in the attainment of
the plateau weight is much greater the contribution and therefore
the distorting effect of these "reproduotively damaged" cells will
become progressively less. Unfortunately it is precisely in these
large dose groups where the largest number of animals are required
in order to observe the goitrogenic response over a long period of
time/
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time and the logistic objection outlined above becomes prohibitive.
Finally the "doubling time" (time for cne complete cell division
cycle) is not absolutely constant from one experiment to another but
varies in the range 4 to 6 dsys. In extrapolating back to the
-
ordinate this variable adds another uncertainty to the estimate of
the number of reproductively intact cells present immediately after
irradiation.
In spite of these objections it was thought worthwhile to
attenpt to obtain a radiation dose-response curve for reproductive
integrity because the model provided an opportunity to study normal
mammalian cells in their normal environment. Also, as mentioned in
the introduction, the dose-respcnse curves obtained by Puck et al.
(1957) working with cells in tissue culture and Hewitt and Wilson
(1961) with mammalian tumour cells irradiated in vitro and grown
in vivo were remarkably similar. There is, -therefore, a growing
suspicion that the dose response characteristics for reprodictive
integrity are identical in all mammalian species (Hewitt, 1962) and
this series of experiments provided an opportunity to test this view.
In order to obtain a dose-response curve which took account of
the unavoidable variables inherent in this system the following
procedure was adopted. A time range within which the irradiated
thyroid gland weight reached the plateau weight attained by the




See Text for Explanation of Diagram
Pl&MO
METHOD FOR ESTIMATING SURVIVING THYROID MASS PRESENT IMMEDIATELY AFTER X-IRRADIATION
See Text for Explanation of Diagram
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eaoh radiation dose group, This range was judged to be 14 to 18
days for "the 200 rad group, 14 to 15 days for the 300 rad group, 20
to 24 days for the 400 rad group, 20 to 25 days for the 600 rad
group and 40 to 42 days fbr the 800 rad groi$>. By extrapolating
back to the ordinate from the lower end of these ranges with a
straight line with the least possible slope (i.e. corresponding to
a doubling time of 6 days) an estimate of the upper limit of
follicular cell survival was obtained for each x-ray dose level
\ li
(Pig. 10). Similarly by extrapolating back to the ordinate from
the upper end of these ranges with a straight line of maximum
possible slope (i.e. corresponding to a doubling time of 4 days) an
estimate of the lower limit of follicular cell survival was obtained
for each x-ray dose level (Pig. 10). This procedure yielded the
percentage survival ranges shown in Table VII. These results are
shown diagramraatically in Pig, 11, alongside the dose-response curve
for CBA mouse leukaemia cells obtained by Hewitt (1962). As
mentioned previously the dose-response curves obtained by Hewitt are
indistinguishable from those obtained in vitro by Puck and Marcus
(1956), Puck et al. (1957) and Berry and Andrews (1961). These
have come to be known under the collective term of the Puck-Hewitt
Dose-Response Curve. It is clear from Fig. 11 that the Puck-Kewitt
curve lies within the upper aid lower limits far percentage survival






















































DOSE RESPONSE CURVE FOR REPRODUCTIVE INTEGRITY OF THYROID FOLLICULAR CELLS IN VIVO
# Upper limit for percentage survival
O Lower limit for percentage survival
K
bfi 0.01
Survival Curve for well oxygenated C. B. A.
leukaemia cells (Hewitt and Wilson)
I I
800 1000 1200 1400 1600 1800 2000
Dose of Radiation (Rads.)
Comparison of the post-irradiation reproductive survival
of rat thyroid follicular cells in vivo with the
Puok-Hewitt Dose-response curve.
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Despite the limitations of the technique outlined in the
preceding paragraph the results are therefore consistent with the
concept that the radiation dose response curves for reproductive
integrity are similar for all mammalian cells providing they are
well oxygenated. It also provides some further justification for
the extrapolation of existing in vitro and in vivo radiobiological
studies to human radi otherapeutic problems such as the treatment of
thyrotoxicosis with ionising radiation.
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Mathematical Models fcr the Effect of Ionising Radiation on the
Follicular Cell Population of the Rat Thyroid.
On ccn sideration of the possible dynamics of the thyroid
follicular cells following irradiation it was felt that son®
convenient mathematical model might be obtained which would fit die
observed phenomena and enable more reliable conelusicns to be reached
from the raw data.
Two patterns of cell division have been considered aid will be
called Model I and Model II respectively. For both models it is
assumed that the effect of suppressing thyroid hormone will, for a
normal thyroid, lead to an increase in the number of cells M
according to
inhere M0 is the number of
|§ . XK so ttat »t = eXt. K0 00118 at tlne °» M* 1110dt u o
number of cells at time "t"
after commencing metfry1-
thiouracil, e the natural
logarithmic base and X a
division constant.
From this we can deduce the generation time (i.e. time required for
. log-2
the cell population to double itself) as given by T = ^ ■■■. It is
also assumed that over the time span of the experiment there is no





We assume that the effects of radiation are such -that the
original cell mass Mq is divided into:
P cells \4iich escaped radiation damage and will behave as cells of
a non-irradiated gland;
.
| Q cells which are damaged, but oan reproduce. For these cells,
division may result in live cells of type Q, in live cells of
type R (described below) and in dead cells (D) with probability Q-j
®2» and 6-5 respectively (S.0 = 1)
R cells which are damaged and cannot reproduce
D cells which are killed at the time of irradiation
P, Q and R cells are capable of producing thyroid hormone.
Thus after irradiation the active cell mass becoraes:-
Where Mo, Po, Qo and Ro are
the number of K, P, Q and R
Mq - D a Nq b Po + Qq + Rq
cells at time zero and
No « (Mo - D).
It was assumed for the sake of simplicity that after the
administration of the hormone suppressing drug, the division of all
cells capable of reproduction is governed by the same constant ("X)
which is applicable to non-irradiated cells.




metlylihiouracil (N^) therefore given by
Where P^> Qt an& are the
N-j. a P-t + Qt + ^t number of P, Q ani R cells at
tine "ttt.
Now dP _ \ p
dt ~ A
,\ Pt = ^Po
It should be remenbered that the division of the Q cells can result
in the format ion of Q cells or R cells or D cells with probability
©1, ©2 and ®3 respectively and that the formation of Q cells results
in an increase in the total Q cell population whereas the formation
of R or D oells decreases it.
= \(©1Q) - X(©2Q) - X(e^)
» " ®2 "* ®3)
• XQ(2©-j • ©1 - ©2 • ©3)
ss Xq(2©-j -1) as ©^ ♦ ©2 ♦ ©3 ts 1
= X^Q where c* a (2©^ - 1)
* Xvt
« • Qt ss O Qo
Finally, because every ©2Q division leads to a loss of one cell from
the ©2Q population and a gain of 2 cells to the R population, the R






' * dt ~~dt"
= 2\(©2Q)
s X 2©gQ
» where ^ a 2©2
, , Rt « - 1) Qe + Ro
"=><
Conseqierrfcly
Nt = Pt + Qt + Rt
= ® Po + + - 1)Qo + Rol
e^Po + (1 + JL)qo^** - Xo +T" Ro
CX ex
By considering the first and second derivatives of we may deduoe
that N-t is an increasing function of t and msy have a point of
inflexion if:
0< < o, i,e, the store of Q cells is being diminished
I x I < A i.e. ©i + ©2 >£• ' r (Billewicz - personal comuunication;
and | (1 ♦ £)o<.2 Q0 | > PQ
Model II
In Model II the initial assumptions are the same as for Model I
but now cells of type R may attempt to divide but produce no viable
cells. This is equivalent to as fuming for R cells a mortality
constant say Y , Thus we have now for R cells (Billewicz -
personal communication):
|| =X^Q - yR and R = -£iy Qq e«*Xt + (Rq
I
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In this case is not necessarily an increasing function of t and
may have a number of peculiar points depending on the choice of
parameters.
Unfbrtunately neither of these models can be f\illy determined.
The constants^, Qq and RQ cannot be estimated separately although
Q0 + Rq can be estimated. Thus, as mi$vt have been anticipated it
is impossible to deduce too much about the internal dynamics of a
system from the behaviour of one aggregate measure (e.g. total
follicular cell population) over a period of time. For example
curves not dissimilar from those found in experiments G, H and J
could be obtained by assuming that Q cells damaged by radiation can
produce other Q cells only for a limited number of cycles and that
their division constant ()^) differs from that for the undamaged
cells.
In these circumstances it is necessary to lode for a
biologically acceptable model which fits the data well. In this
case the growth curves are neatly and acceptably explained by the
observations of Ellrind et al. (1963) •
Fits, 12
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Diagrammatic Summary of Experiments 0, H and J showing the
effects of doses of x-rays in the range 200 to 2,500 rads
on the goitrogenic response of the rat thyroid to
methylthiouracil administration. The log mean
gland weight is plotted against time on
methylthiouracil after irradiation.
?ifi» 12
DAYS ON METHYL THIOURACIL AFTER IRRADIATION
Diagrammatic Summary of Experiments G-, H and J showing the
effects of doses of x-rays in the range 200 to 2,500 rads
on the goitrogenic response of the rat thyroid to
methylthiouracil administration. The log mean
gland weight is plotted against time on
metlryrlthiouracil after irradiation.
DISCUSSION
Figure 12 summarises in diagrammatic fashion Experiments G, H
and J in vhich the effect of doses of x-irradiation in the range 0 -
2,300 rads on the goitrogenic response of the rat thyroid were
observed. The log of the increase in gland weight is plotted
against the time after radiation on mettylthiouracil. With no
irradiation after a lag of 2 days the gland weight increases
J - ••• f**
exponentially until a plateau is reached after approximately 10-12
days. In the radiated group it can be seen that the exponential
growth is interrupted by a pause during vhich there is little or no
increase in gland weight. The pause is terminated by a final
growth spurt to the plateau weight. It oan be seen that the pause
occurs earlier and lasts longer wiife increasing doses ctf x-rays.
With doses of between 1,500 and 2,500 rads rnar\y of the rats did not
live longer than 14 - 20 days so that the duration of pause could
.
not be observed. There is however a strong suggestion of the same
lag phase, initial exponential growth and pause found with lower
doses.
Estimates of the follicular cells in Experiments C, H and J
showed that these remain remarkably constant irrespective of
irradiation dose, time after irradiation, and time on methyl-
thiouracil administration. It can be concluded therefore that the
pattern for changes in gland weight parallels the changes in the
total thyroid follicular cell populations.
The/
Diagram to illustrate the hypothetical effect of
x-radiation cm the goitrogenic response assuming
significant immediate cell death*
HYPOTHETICAL EFFECT OF RADIATION ON GROWTH
PATTERN
Diagram to illustrate the hypothetical effect of
x-rcdiation on the goitrogenic response assuming
significant immediate cell death.
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The pattern of the effects of the increasing doses of
x-radiation on the goitrogenic response is strikingly similar to
that obtained by Elicind et al. (1963) with cells in tissue culture.
The following explanation of these patterns is put forward as being
radiobiologically acceptable.
Firstly there is no evidence of significant immediate cell
death. If this had been the case the l^rpothetical curve shown in
Fig. 13 would have resulted. In addition there was no evidence of
\
cell death during the phase of exponential cell division following
methylthiouracil administration. Had significant "mitotic death"
occurred, a phase of exponential growth in the irradiated glands
would have been most unlikely and certainly exponential growth
identical to that seen in the unirradiated controls impossible. It
ecu Id be suggested that the pause in exponential growth was the
resultant of cellular "mitotic death" and successful cell division
on the part of reproduotively intact cells. However no histological
evidence of cell death was obtained either by visual assessment or
by estimates of the number of follicular cells per unit volume and
in addition there is a mere attractive radiobiological exploration
which finds a parallel in in vitro studies of Elkind et al. (1963)*
Immediately after irradiation there exists a certain
proportion of reproductively intact cells. This will decrease as
the x-ray dose inoreases. By definition, these reproductively
intact/
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intact cells, will divide at the same rate as -the unirradiated
controls and can be held accountable for the growth spurt to the
plateau weight which brings an end to the pause in growth. With
higher doses there are veiy few intaot cells at time zero after
irradiation - only 2/ (approximately) after 800 rad3. Clearly
successful division on the part of these cells can make no
significant contribution to the increase in glsnd wei$it and
follicular cell popula tion for the first 10 days on methylthiouracil
as according to the normal goitrogenic response there can be no more
than 3 conqplete division cycles during this period (minimum division
time = 4 days). The initial increase in the thyroid follicular
cell population can therefore only be brought about by limited
division on the part of damaged cells of the type described by
Elkind et al. (19^3)• These cells divide at the same rate as the
unirradiated controls but are capable only of limited division, the
mean number of divisions being inversely related to the radiation
dose. The pause in the exponential growth can be accounted for by
exhaustion cf the division potential of these damaged cells. As
stated above the growth spurt which determinated this pause can beat
be accounted for by the presence of rep reductive3y intact cells
which finally "catch up" and carry the follicular cell population up




As far as could be deterdried the slowly growing clones of
cells of the type described by Sinclair (1964) made no significant
contribution to growth particularly at the higher doses.
The main conclusions of these ersperiments are therefore as
follows:-
(1) Ho immediate cell death with doses of x-rays up to 2,500 rads.
(2) The reproductively damaged cells start to divide after the
normal lag phase of 2 days. Any lag imposed by irradiation
(Elkind et al. 1963) must be buried within this "physiological"
lag phase.
(3) The initial growth of the damaged cells takes place at a rate
similar to that of the unirradiated controls.
(4) With increasing doses of x-rays fewer damaged cells divide
fewer times,
(5) Doses which leave very few cells reproductively intact do not
cause any significant death either in the short or long term.
i
The corollary to "this is that doses of radiation which do cause
significant cell death will leave only an infinitely small
proportion of cells reproductively intact. Uiis is a point
of great elinioal importance which will shortly be discussed
in greater detail.
(6) The striking parallel between these in vivo results and those
of Elkind et al. (1963) in vitro are yet another demonstretion
of/
of the universality of radiobiological phenomena. This is alsc
demonstrated by the similarity of the dose-response curve for
follicular cell reproductive integrity to the Puck-Hewitt dose-
response curve (Fig. 11). Both these observations suggest
that the radiobiological phenomena involved are so fundanental
as to be applicable to any type of mammalian cells provided they
be well oxygenated and strengthen the case for extrapolation to
human radiotherapeutics.
It should be noted at this point that doses of x-rays up to
1,000 rad3 have no long term effect on total thyroid function.
Evidence for thi3 will be provided in a subsequent section of the
thesis. Consequently it can be taken -that aiy decrease in the total
thyroid function must result from cell death and -that any residual
i
function is proportional to the number of cells left alive albeit
' '
reproductively damaged. These concepts are relevant to the question
of whether a radiation induced "partial thyroidectomy" can be brought
about by homogeneous thyroidal irradiation frod an external source
(e.g. ^°Co.) and are brought together in diagramnatic form in Fig. 14.
If ??e consider that a patient is hype rthyroid because he has too
many follicular cells working "too hard" then we can render him
euthyroid by killing off the correct number of cells and hypothyroid
by killing too mary. A dose of x-radiation can create 4 broad
■
I categories of cells.
(1)/
Fifi- H
Diagrammatic representation of the factors determining the
feasibility of a radiation partial thyroidectomy.






RADIATION INDUCED PARTIAL THYROIDECTOMY
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Diagrammatic representation of the factors determining the
feasibility of a radiation partial ttyrroidectony.
See text for further explanation of Diagram.
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(1) Dead Cells - D
(2) Beproductively damaged but functionally intact - Q
(3) Both reproductively and functionally intact - P
(4) Cells which have lost their function as a result of
x-irradiation but are still alive probably occur but for
practical purposes can be discounted. Justification for this
will be found in Section III of this thesis.
The result of irradiation fbr the patient will depend on the
relative number of P, Q and D cells and the rate at which the Q
cells disappear. Successful treatment can only be achieved if a
dose of radiation can be found which will create a population of D
and Q cells which die off quickly enough to make the patient
euthyroid within a clinically acceptable period. At the same time
sufficient P cells must be left so that as thyroid failure threatens
as a reaiIt of the removal of Q cells the follicular cell population
can be repleted. It has already been painted out however -hat
according to Experiments G, H and J, doses which leave very few
cells reproductively intact (P) do not cause apy significant cell
death (d). The corollary to this is that doses which do cause
significant cell death can leave only an infinitely small
proportion of cells reproductively intact. In other words there
must be a wide separation between the dose response curve for cell
reproductive integrity and that for cell death as shown by the
hypothetical/
ZiSz-15
HYPOTHETICAL DOSE RESPONSE CURVES FOR CELL REPRODUCTIVE
INTEGRITY AND CELL DEATH
Diagrammatic representation of the divergence between the
relative radiosensitivities of cell reproductive
integrity and cell death.
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hypothetical dose response curves in Fig. 15. Thus the results
strongly suggest that if the first condition is satisfied - namely
the creation of a significant proportion of D and Q cells then
insufficient P cells will be left so that hypothyroidism vdll
inevitably come about. Theoretically if the small number of P
cells were left for long enough under endogenous TSH stimulation
they ndght replete the thyroid follicular cell population. This
would be ethically unjustifiable however, and institution of
thyroxine replacement therapy when hypothyroidism threatens removes
endogenous TSH stimulation and ensures that cell repletion can never
occur.
It is concluded therefore that it is intrinsically impossible
to successfully treat thyrotoxicosis with the homogeneous organ
irradiation obtained from an external source because it is impossible
to destroy part of the thyroid gland without rendering the remaining
cells incapable of further division. In other words a "radiation
partial thyroidectomy" which requires the combination of significant
cell death and significant cell reproductive survival cannot be
attained. This awkward radiobiological fact can be got around by
using radioiodine which is concentrated by the thyroid, to
deliver the dose of radiation. Because of the patchy distribution
of this isotope throughout the gland "hot spots" occur where massive
doses of radiation sufficient to effect cell death can be attained
and/
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and at the same time leave intervening areas undamaged.
Unfortunately "this patchy distribution is unpredictable and is
seldom so marked that significant areas of the tiyroid gland are
totally spared from radiation damage. It could therefore be
predicted that while radioiodine therapy would obviate, to some
extent, the intrinsic impossibility of a "radiation partial
\
thyroidectorqy" with homogeneous irradiation, the results of therapy
wculd be extremely variable. These predictions find confirmation
in the clinical trials of external radiation and low doses of
radioiodine 0^1) reported in Section IV.
In this discussion one irrportant factor remains to be accounted
for, namely the rate of cell death as a result of radiation damage.
It has been suggested that bypotiyroidism comes about in radioiodine
treated patients as a result of cell fall-out with failure of cell
replacement because of loss of reproductive integrity on the part of
the remaining cells. This concept finds support from the results
of Al-Hindawi and Wilson (1965) who demonstrated accelerated cell
loss in the radioiodine treated rat tiyroid. As already mentioned,
there was no evidenoe of significant cell death over a period of
1 year after 1,000 rads x-irradiation in the experiments reported
here and it is probable that the method employed was not sufficientl,r
sensitive. Indirect evidence for cell death has been obtained by
Weir (1967) using immunological techniques. It is hoped to obtain
evidenoe/
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evidence of cell death in irradiated rat thyroid "by this means and
the results will be reported elsewhere. Finally, however, the
significant hypothyroid rate (5 to ytf) in thyrotoxic patients
treated by partial thyroidectonjy must be taken into account
(Hershman, 1966). This strongly suggests that the hypothyroid rate
following ^^1 therapy cannot be entirely aocainted for by radiation
damage and that some other pathological process is operating.
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SUWARY
The effects of x-irre.&iation in the range 0 to 2,500 rads on
the goitrogenic response of the rat thyroid to methyTthiouracil were
studied. It was found that the number of follicular cells per unit
volume remained constant irrespective of dose of radiation, time
after radiation and time on methylthiouracil. Consequently the
changes in thyroid gland weight could be equated with changes in the
total follicular cell population of the thyroid.
The behaviour of the mean total follicular cell population
followed a clear pattern in response to the graded doses of x-rays.
The results suggested that in the dose range employed no immediate
cell death occurred. Furthermore, the first division cycle of
intact and damaged cells proceeded at the same rate with no
significant mitotic death occurring in the latter. With increasing
doses of x-rays fewer cells divided fewer times. The fact the
doses of x-rays (e.g. 1,000 rads) which left very few cells
reproductively intact caused no significant cell death either in the
j
short or long-term indicated that doses of radiation which do cause
significant cell death will leave only an infinitely small
proportion of cells reproductively intact. This means that a
"radiation partial thyroidectomy" with homogeneous (e.g. external)
radiation is intrinsically impossible in the rat.
The similarity of the observed dose/response characteristics
to/
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to those obtained with other mammalian cells in vivo and in vitro
suggests that the radiobiological phenomena underlying these
observations are common to all mammalian cells irrespective of
tissue or species of origin. These facts provide considerable
justification for extrapolation of the above conclusions to the
radiotherapeutics of thyrotoxicosis in man.
SECTION III
The Long and Short Term Effects of X-radiation on the
Iodide Trapping Function of the Rat Thyroid.
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INTRODUCTION
In Section II the effects of x-radiation on follicular cell
viability and reproductive capacity were studied. From the clinical
point of view, however, it is not these parameters which are
important but the effeot of radiation on net thyroid function. In
other words, the aim of treatment of hyperthyroidism with ionising
radiation is to permanently reduce net thyroid function to normal
levels. Theoretically this could be achieved by follicular cell
death (immediate or delayed) or by the induction of significant
numbers of follicular cell mutants which, thou$n viable, were
incapable of synthesising thyroid hormone.
The effects of radioiodine (1^1l) on thyroid function in the
rat have been studied by Feller, Chailcoff, Taurog & Jones (1949),
Maloof, Cobyns and Vickery (1952) and Doniach and Logothetqpoulos
(1955)* With "estimated" rad doses of the order of 10,000 rads
these workers found little effect on net thyroid function although as
discussed in Section II there was considerable diminution of
reproductive capacity of the follicular cell population. These
results are consistent with those of Crooks et al, (1964) who found
that accurately measured doses of x-rays up to 1,600 rads had no




As an extension of the studies cf Crooks et al. (19^4) it was
decided to study the effects cf 1,000 rads x-rays at intervals up to
one year after irradiation and the short term effects of x-ray doses
in the range 500 to 2,500 rads during the first $6 hours after
irradiation. Long term studies of the effects of doses greater
than 1,000 rads were not carried out because of the hi$i mortality
associated with doses of this order (see Section II). It was known
from the studies reported in Section II that with, these doses cf
x-rays there was no evidence cf sigiificant cell death during the
periods of observation after irradiation. Any changes in overall




Long Term Effects of X-radiation on Iodide Trapsing
Adult, male Wistar rats were randomly constituted into 10
groups of 5 animals each. All the animals received 1 ,000 rads
x-radiaticn to their thyroids by the technique described in
Section II. At intervals of 0, 1, 3> 7, 14 and 22 days and 3$ 6,
9 and 12 months after initial radiation one group cf animals was
given an intraperitoneal injection of 0,5/^01^%. One hour liter
the animals were killed by prolonged chloroform anaesthesia, the
thyroid glands removed and digested fbr 24 hours in 3N. NaOH. The
132x content of these digests were then measured by radioactive
I
counting in an automatic well-type scintillation counter
(lamraamatic: Nuclear Enterprises Ltd.), corrected for radioactive
decay and expressed as a percentage of the original (0.5>wCi) dose.
Short Term Effects of X-radiation cm Iodide Trapping
Adult, male Wistar rats were randomly constituted in 32 groups
of 5 animals each. Two groups received no radiation and were used
^ to determine the control 1 hour percentage uptake of ^^1 at the
beginning (0 hours) and end (96^ hour) of the experiment. Six
groups each were treated with 500 rads, 1,000 rads, 1,500 rads,
2,000 rads and 2,500 rads x-radiation to their thyroid glands as
described in Secticn II. At intervals of 0, 5, 23, 47 and 95 hours
after/
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after irradiation one group cf animals from each radiation dose
level was given an intraperitoneal injection of 0.5y,Ci132I and the
1 hour percentage uptake of the isotope determined as above.
TABLE VIII
Long-Term Effect of 1 .000 rads X-Radiation on tte One Hour Percentage Thyroidal
Uptake of a Tracer Dose of Radioiudine Offi) in the Rat
Time After Irradiation % Thyroid Uptake (1 hr.)


















F Ratio for b f 0 2.5 (p>0*05)
F Ratio for Deviation From
Recti linearity
< 1 (p > 0.05)
rig. 16
The long term effect of 1,000 rads x-irradiation on the one hour
percentage thyroidal uptake of a tracer doee of radioiodine
(132I) in the rat* The mean one hour percentage uptake
la plotted against time after irradiation.
Fig. 16
long term effect of iooo rads x- irradiation on the
one hour percentage thyroidal uptake of a tracer
















3 6 9 12
months
time after x"irradiation
The long term effect of 1,000 rads x-irreaiation on the one hour
percentage toroidal uptake of a tracer dose of radioiodine
C32]) ^ the rat. The mean one hour percentage uptake
is plotted against time after irradiation.
**fir 17
EFFECT OF X~ IRRADIATION ON THE ONE HOUR PERCENTAGE THYROIDAL UPTAKE
OF A TRACER DOSE OF RADIOIODINE ( "32 IN THE RAT
2
O IO 20 30 40 SO 60 70 BO 90 IOO
HOURS AFTER X-IRRADIATION
The short term effects of doses of x-radiation in the range 500
to 2,500 rads on the one hour percentage uptake of "132j by the
rat ttyroid. 'She cue hour percentage uptake is plotted
against hours after irradiation.
See Table IX for standard errors.
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RESULTS
Long Term Effects of X-radiation on Iodide Trapping
The mean 1 hour percentage uptakes (t standard error (S.Ej) of
the tracer dose of at intervals up to one year after 1,000 rads
i .
x-irradiation are contained in Table VIII (Appendix Table 20) and
shown diagrammatieally in Fig. 16. Analysis of variance of these
results showed that the regression equation of percentage radio-
iodine uptake on time after irradiation (Y = 15.64 - 0.01X) flowed
no significant deviation from rectilinearity and no significant
deviation from zero slope (p>0.05). Thus 1,000 rads x-radiation
had no long term effect on the iodide trapping function of the rat
I thyroid.
Short Term Effects of X-radiation on Iodide Trapping
The mean one hour percentage uptakes (t S.E.) of the tracer
dose of at intervals up to 96 hours after irradiation are
contained in Table IX (Appendix Table 21) and shown diagrammatically
in Fig. 17. Analysis of variance was performed on these data and
revealed that, with the exception of the 500 rod group, at all other
levels (1,000, 1,500 , 2,000 and 2,500 rads) there was significant
deviation from recti linearity of the regression cf cne hour radio-
iodine uptake on time up to 96 hours after irradiation (p<0.Ql).





Short-Term Effects of X-irradi ation on the One Hour Percentage Thyroidal Uptake of
a Tracer Dose of Radioiodine O^I) the Rat
Hours After
Irradiation













0 12.7*1*2 . . .
1 - 8.240.9 6.240.6 9.241.5 9.740.7 6.240.6
6 m 13.3*1.4 15.342.4 19.641.9 8.841.0 13.3*1.4
24 m 13.6*1.5 15.641.1 12.941.4 17.441.9 15.242.0
48 - 15.642.2 16.341.8 16.841.2 22.141.6 16.341.0
72 m 11.9*0.9 9.341.2 8.241.0 10.840.6 11.541.3
96 11.3*0,7 14.8*1.8 13.0*1.9 8.341.2 8.1*0.9 6.9*0.8
Regression Equation





















< 1 4.0(p«0.0l) 14.2(p<0.0l) 85.3M.01] 4.4(p<0JDi:
In addition, at each radiation dose level employed, there was
consistent depression of radioiodine uptake Immediately (i.e. during
the first hour after irradiation with conplete recovery by 6 to 24
hours after irradiation. Inspection of the curves also suggested
a second phase of decreased uptake at 76 hours after irradiation




The absence of any diminution of iodide trapping by the rat
thyroid over the year following 1,000 rads x-irradiatlon of the
gland is consi stent with the findings of previous investigators
(Feller, 1949; Maloof et al. 1952; Dcniach and Logothetopoulos,
1955; Crodcs et al. 1964) and support their view that doses of
radiation which profound]y impair the reproductive capacity cf the
rat thyroid follicular cell population have no significant effect on
net thyroid function. It has been shown in Section II that vdth
this dose of x-radiation there is no significant cell death up to
one year after irradiation. It can therefore be concluded that
1,000 rads x-radiation does not produce a significant number of
viable follicular cell mutants which have lost their ability to
synthesise thyroid hormone. In this regard, some calculations
based an data published by Puck (i960) are of interest. It is not
claimed that these calculations represent the total radiobiological
phenomena underlying the observed effects. However, the
conclusions deduced from Puck's original observations appear to have
general validity.
In radiation studies with euploid mammalian cells in tissue
culture Puck (19&0) found that with doses of 600 rads (i.e.
approximately 6 D37 doses for reproductive integrity) at least 80^
of the cells retaining reproductive integrity showed chromosomal
damage/
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damage of some kind, e,g. morphological change or observable
nutritional imitations. Now, in radiobiological tai'get -flieoiy an
80?? effect of any kind is brought abait by 1,6 Djy doses. Therefore
the Djy dose for damage to those parts of the chromosomes not
essential for cell division is _ j^qq ra^g. Assuming equal
susceptibility of the target material the Dyj do3e for any
particular characteristic is inversely proportional to target size,
i.e. the smaller the target the larger the quantity of radiation
needed to have, say, a 62"- chance of inactivating it.
Therefore the amount of genetic material concerned with cell
division is greater than that concerned with all other independent
functions in the inverse ratio of their Djy doses =
Therefore only z of the total genetic mass is not concerned in
some way with cell division and its Hyj dose is 400 rads.
But, it has been esximated that there are approximately 1,000
different enzymes in mammalian cell3 (Harper, 1959)* Therefore
assuming proportional representation of these enzymes in the
"genetic parliament* part of the total genetic constitution
controls each enzyme. As there are probably five enzymes concerned
with thyroxine synthesis these will be controlled by 'fQQQ = part
of the total genetic mass.
But if | of the total genetic mass has a D27 dose of 400 rads, -r~-J' 200
I




. 200 v 400 20,000 radsi.e. ~r x ~ =
'
Thus, in a thyrotoxic patient 20,000 rads would reduce thyroid
functien (i.e. tigroid hormone production) to 37>~ of its previous
level by inactivaticn of the genes responsible for thyroid hormone
'
synthesis. Assuming that this dose is in fact given and
remembering that the D-jy dose for cell division is of the order of
100 rads the high incidence of nyxoederaa following radioiodine
.
therapy is immediately understandable. As 20,000 rads u 200 Djy
doses for cell division the surviving fraction cf reproductively
. 200 c7
intact cells will be(-) = 10 '. It is interesting that
assuming 10^ follicular cells per mnP (see Section II) and a tissue
specific gravity of unity, 10®? human thyroid oells would represent
a mass of 1G?-> Kg. (mass of the earth <= lO2^ Kg)'.
Conversely if 100 rads are delivered, 67% of the thyroid cell
population will lose their reproductive integrity. However 100
rads is only of the Dyj dose fbr thyroxine production.
Consequently the diminution in thyroid function will only be
(|)235 = «if..
Thus, the so-called "dissociation" in radiosensitivity of
thyroid follicular cell function and reproductive integrity (Crooks
et al. 1964) is merely a reflection of the relative radiation
target/
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target sizes offered by the genetic masses relevant to these two
aspects of cell activity. The Dyj dose for cell reproductive
integrity appears to be in the range 100 to 200 rads (Puck et al.
1957J Hewitt and Wilson, 1961), that for cell death cf the order to
10,000 rads (St. Aubin et al, 1957) and that for thyroid hormone
synthesis around 20,000 rads (vide supra). These wide differences
in the D37 doses for cell division, viability and function offer an
attractive explanation, at the molecular level, of the conclusion
reached in Section II that a radiation partial thyroidectomy with
i homogeneous organ irradiation is intrinsically impossible. In
other words, for clinical purposes, a reduction in thyroid function
can only be achieved by bringing about significant cell death.
However, doses of radiation high enough for this will leave an
infinitely small number of cells reproductive^ intact. As the
remaining viable (but ncn-reproducable) cells probably possess a
shortened life span (Al-Hindawi and Wilson, 1965) thyroid failure
will inevitably supervene due to accelerated cell death and failure
of adequate ceU replacement. For practical purposes viable clones
of non-functioning cells can be regarded as making no significant
contribution to decreased thyroid activity because the D37 dose for
cell death is probably vary iaich lower than that for cell function.
Short Term Effects of X-radiation on Iodide Trapping Function
The effects of doses of x-radiation in the range 500 to 2,500
rads/
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rads during the first 96 hours after irradiation contrast with -the
complete absence of effects in the long term. The bipha3ic
'
depression of iodide trapping is reminiscent of similar effects
found by Trotter and tfilloughby (1967) in thyrotoxic patients
treated with 400 to 1,000 rads $-radiation (^°Co source) to their
|
thyroids, although the time relations are different. These workers
suggested that arterial constriction or capillary conpression by
oedema following radiation resulted in diminished thyroid perfusion
; and a consequent fall in iodide trapping. This view finds support
in the observation of arterial vasoconstriction during the 24 hours
following irradiation of the hind leg in rabbits (Moss and Gold,
1963) anl also from the fact that the iodide trapping capacity of
either thyroid lobe in humans can be decreased by irradiating the
upper pole of the lobe only (Trotter and Willoughby, 1967)*
Whatever the explanation fcr these phenomena, it is dear, in view
of the absence of a long term effect in the rat, that the
processes are reversible. In view of this, another possible
explanation is damage to enzymes in the cell membrane and cytoplasm
which provide a large radiobiological target. Damage of this tjpe
could presumably be repaired providing the genes responsible for
their synthesis are left intact and would provide an attractive
explanation of the depression of iodide trapping in the first hour
after irradiation, with enzyme resynthesis responsible for the
recovery/
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recovery of function during the following 24 hours.
It is difficult to conceive an easy explanation of the
depression of iodide trapping which occurred at 72 hours after
irradiation in these experiments. Although Koss and G-old (1965)
observed a seoond phase of vasoconstriction in -the irradiated leg of
rabbits and Trotter and "illoughby (1967) a second phase of
depression of iodide trapping in man, these occurred at 4 to 6 weeks
and 3 weeks respectively after initial radiation. Clearly further




Studies of the effect of 1,000 rads xOradiaticn on the iodide
trapping capacity of the rat thyroid at intervals up to one year
after irradiation revealed no impairment of thyroid function. This
observation is consistent with those of previous rorkers (Feller etall.
1949; Ecniaeh and Logothetcpoulos, 1955; Crooks et al. 1964).
Previous studies (see Section II) had shown that 1,000 rads
x-radiation did not cause significant cell death during this period.
Consequently it can be concluded that x-ray closes of this order do
not produce significant numbdr3 of follicular cell mutants viiich are
incapable of synthesising thyroid hormone.
The fluctuations in iodide trapping by the thyroid during the
first 96 hours after x-irradiatien in the range 500 to 2,500 rads
are in some respects similar to those found by Trotter and
Willoughby (1967) in thyrotoxic patients and are of considerable
radiobiological interest. Arterial damage and capillary compression
from oedema resulting in tissue ischaemia and cytoplasmic enzyme
damage are possible expInnatiens for these phenomena vhich require
further investigation.
SECTION IV
The Treatment of Thyrotoxicosis vriih Low Loses of
Ionising Radiation
INTRODUCTION
Radioiodine (^31l) therapy for thyrotoxicosis is not ideal.
The disadvantages have been reported by Beling and Einhorn (1961) ,
Dunn and Chapman (1964), G-reen and Wilson (1964), McG-irr, Thompson
and Murray (1964), Crooks (1965) and Nofal, Beierwaltes and Patno
J (1966). In the series reported by Crooks (1965), 40/ of patients
were still thyrotoxic eight months after initial 1^I therapy and
40/ had become hypothyroid eight years after therapy with no evidence
of a plateau in the cumulative incidence of thyroid failure. Thus
we have the short term disadvantages of slow and unpredictable
control of symptoms for the individual patient and the long term
disadvantages of hypothyroidism developing many years after initial
therapy. Smith and Wilson (1967) reported a trial of a low dose
1311 regimes which attempted to overcome both these disadvantages.
They gave "calculated rad doses" of 3»500 rads in contrast to
orthodox levels of 7»000 to 10,000 rads. This procedure lowered
the incidence of hypothyroidism at five years after therapy to 7#4/
oonpared to 29/ in the orthodox dose group. However, as a result
of the lower dose employed there was an even greater delqy in
attaining the euthyroid state and antithyroid drugs were required
in of patients compared to 43?- in the orthodox dose group, A
similar trial using low doses of was carried out by Hagen
Ouelette and Chapman (1967) with similar results.
In/
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In an attempt to further diminish the incidence of hypo¬
thyroidism it was decided to investigate the effects of even lower
doses of in the treatment of thyrotoxicosis. A "calculated
rad dose" of 2,400 rads was arbitrarily selected for this study
using the same method of millicurie dose prescription as that
enployed by Smith and Wilson (1967).
As successful x-ray therapy of thyrotoxicosis had been reported
by several authors it was also decided to treat a group of patients
with external radiation from a ^®Co source. Hayes (1927) stated
that 62/ of his cases were cured and 12$ inp roved by x-irradiation
of their thyroids and Groover, Christie, Kerritt, Coe and MoPeak
(1929) claimed an 89/ cure rate and 9/ inproved. Soley and Stone
(I92f2) reported cure in 58? of patients and improvement in 1t$
following a total thyroid radiation dose of 900 roentgens in air
given over six days in addition to U50 roentgens to 1he thymus over
the same period. Unfbrtunately it is impossible to calculate 1he
total rad dose in the other studies as full details of the x-ray
machines and procedure are not provided. In view of the radio¬
biological studies of Puck, Morkovin, Marcus and Cieciura (1957) and
Hewitt and Wilson (1961) it was thought that single doses in the
range 100 to 1,000 rads might have a significant effect on -thyroid
function. This approach was made more acceptable by the fact that
the patients' symptoms could be controlled with antithyroid drugs
while/
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while awaiting the definitive results of the radiation therapy.
The use of -antithyroid drugs offered an additional theoretical
advantage. It had been demonstrated by Weiribren, Fitschen and
Cohen (i960) that then irradiated rat liver cells were made to
divide they underwent "mitotic death". It was hoped that the use
of antithyroid drugs would not only control the patients' symptoms
in a predictable way but by increasing the rate of thyroid cell
turnover would hasten the attainment of a "radiation partial
thyroidectomy" and that the amount of ultimate tissue destruction
would be proportional to the dose of %-rays delivered.
In all the reported studies of x-ray therapy of thyrotoxicosis
the total dose of x-mys was fractionated over days or even weeks
in order to diminish damage to the skin over the thyroid region.
With K-rays from ^°Co source large doses can be given without the
danger of si^iificant cutaneous scarring. Furthermore any dose of
radiation is much more effective when given in one treatment than
when it is fractionated (Ellis, 1963) • For both these reasons it
was hoped to improve on the results obtained by Soley and Stone
(1942).
It must be emphasised that this study was carried out at the
saraa time as the experiments reported in Sections II and III. Had
the latter results been available beforehand, it is unlikely that
the clinical trial of external radiation in the treatment of
thyrotoxicosis would have been undertaken.
- 95 - "
IIETHOBS
Low Dose ^ 311 Therapy
Thirty thyrotoxic patients (23 women and 7 sen) '.-rere treated,
all of whom were over 40 years of age, had had no previous treat¬
ment for -thyrotoxicosis and were not so ill that rapid control was
required. The patients ire re assessed by means of general clinical
examination, the Thyrotoxicosis Diagnostic Index shown in Table X
(Crocks, Murray and Wayne, 1959), serum protein bound iodine (P.B.I.)
estimation and standard radioiodine studies (G-oodwin, Kacgregor,
Miller and Wayne, 1951), The weight of the thyroid in grammes was
assessed from palpation of the gland by the same observer (K.T.H.)
The therapeutic doses of ^1j required to deliver 2,400 rads were
calculated from the formula shown which was derived from "that of
Blomfield, Eckert, Fisher, Miller, Munro and Wilson (1959)*
i.e. Dose Of 13.x (*i) .
The doses were measured to the nearest 0.5 mCi. The mean dose was
2.8 i 1.0 mCi (mean t standard deviation). One patient with a
large goitre and unusually rapid discharge of ^ at 48 hairs
received 8 mCi.
The patients were reviewed at fortni^itly intervals and clinical
progress assessed by the Therapeutic Index shown in Table XI (Crooks ,





Thyrotoxicosis - Diagnostic Index
bymptoras of recent onset
and/or increased severity Present
:
Absent Signs Present Absent
Dyspnoea on effort +1 Palpable thyroid +3 -3
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Casual pulse rate /'fflin.
Greater than 85/min. +3
Total symptom score Total sign score
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Normal range * 0-5
Thyrotoxic > 5
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improvement at six weeks the observations were continued at monthly
intervals until the patient was euthyroid. If no improvement was
observed at 6 weeks, antithyroid drug therapy with carbimazole 15 mg.
four times daily for two weeks and then 10 mg. thrice daily was
given until the patient became euthyroid. Drug therapy was then
stepped and the patient seen monthly. If thyrotoxicosis recurred
the patient was treated with '31j in a dose calculated to deliver
8,000 rads (Blomfield et al.1959).
Radiation Therapy From a ^QCo Source
In this group, 28 thyrotoxic patients (21 women and 7 men) were
accepted for the trial by the same criteria as used in the group
receiving low doses of 1311 • The doses of ^-radiation were
delivered from a ^Co source (Orbitronj Allied Electrical
Industries) under standard conditions. The day following radiation
each patient was started on oarbimazole 15 mg. four times daily for
2 weeks following which the dose was reduced to 10 mg. thrice daily
until "the patient was euthyroid whereupon 1he dreg was stopped.
During the period cn carbimazole the patient's progress was assessed
every 2 weeks and thereafter at less frequent intervals. Assess¬
ment at all stages was carried out as in the low dose ^ 31j study.
If thyrotoxicosis recurred carbimazole therapy was restarted and
■the patient kept euthyroid for six months before stepping again.
The doses of -radiation are shown in Table XII and range from
115/
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115 to 900 rads. Two patients received 115 rads, 4 patients 150
nads, 1 patient 180 rads, 7 patients 400 rads, 9 patients 600 rads,
1 patient 700 rads, 10 patients 800 rads and 7 patients 900 rads.
In all, 28 patients, 13 of Thorn were treated twice, received 41
therapy doses of ^-radiatien. All reoeived carbimasole therapy for
up to cne year after therapy and all patients have been followed for
I.
#»
2 to 3 years from the time of initial therapy. One patient who
relapsed after two therapeutic doses of 400 and 600 rads and
another (E.C.) who relapsed 2g- years after 180 rads were treated by
partial thyroidectomy and the gross and histological features of
their thyroids examined. All other relapses were treated with
orthodox doses of (?£acgregor, 1957)»
In five patients the effect of 800 rads Jf-radiati.on on thyroid
function was measured by means of serial half-hour Ihyroid uptakes
of tracer doses (20^S(Ci) of 1and the rate of discharge of a
tracer dose (20^Ci) of ^31j before and after ^-radiation. The
measurements of 132j uptake in the presence of pre-existing uptake
of 131i was carried cut by the method of Buchanan, Tulloch and
Aboul-Khair (1963) •
Fig. 18
Diagranmatic summary of the results of 1he clinical trial of
low doses of radioiodine {}^l\ in the
treatment of thyrotoxicosis.
RESULTS OF LOW DOSE 1311 THERAPY
5 RELAPSED





Diagrammatic summary of the results of the clinical trial of









The results of therapy are shown in Fig. 18. In ei^iteen
patients 1311 therapy alone produced the euthyroid state. The
average time taken to become euthyroid was 8,9 weeks mth a range of
4-18 weeks. Of these, 8 patients have remained euthyroid over a 2
to 3 year follow-up period. Five patients have relapsed and 5
patients have become hypothyroid. The length of the euthyroid
period prior to relapse was 7-38 months and the interval between
'31x therapy and the development of hypothyroidism was 2-36 mcnths.
The patients Tflho developed hypothyroidism were treated with thyroxine.
In each cf these patients thyroxine therapy was later stopped to
assess whether thyroid function had recovered but all five were found
to have permanent hypothyroidism. One patient develqped transient
hypothyroidism with an unrecordably low serum P.B.I, three months
after radioiodlne therapy but there was spontaneous recovery of
thyroid function three months later and this patient has remained
euthyroid over the sihsequent three years.
Twelve patients showed little response to the 131j therapy
within six weeks and were therefore treated with carbimazole until
euthyroid. The average duration cf carbimazole therapy was 12.1
weeks and no patient received it for longer than 14 weeks. Of
these patients, 8 relapsed as socn as carbimazole was discontinued
and 1 relapsed after remaining euthyroid for 9 months after stopping
carbimazole./
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carbimazole. The other 3 patients have remained euthyroid fbr 2 to
| 3 years since cessation of carhimazole therapy.
No differences in the results of therapy were noted between
those patients with diffuse goitres (14)» those with nodular goitres
(9) and those with goitres of doubtful conastency (8).
External Radiation Therapy
The results of external radiation therapy are shown in Table XII
All but three of the 28 patients had a recurrence of thyrotoxicosis
within 8 months of stopping carbimazole therapy, the mean interval
fbr relapse being 2.8 months. One of these three patients has
remained euthyroid for three years after stopping carbimazole
therapy. She has a normal serum P.B.I., a four-hour radioiodine
uptake of 18ft- vath significant suppression of uptake after 7 clays
treatment with tri-iodothyronine 100y<g. daily in 5 divided doses.
The other two patients have renained clinically euthyroid for two
years after stepping carbimazole, have normal serum P.B.I's. and
four-hour radioiodine uptakes of 12$ and 42f with no significant
suppression of uptake with tri-iodothyronine administration.
Two patients were treated by partial thyroidectomy following
recurrence of thyrotoxicosis. In one case (E.G.) there was minimal
fibrosis in the region of the gland which was sli$it3y more adherent
to the trachea than normal. In the other patient the tigroid




Summary of the Results of the Clinical Trial of External Radiation (6°Co)
in "the Treatnent of Thyrotoxicosis
RESULTS OF $-RAY THERAPY(6°Co) IN 28 PATIENTS (13 PATIENTS TREATED TWICE)
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Effect of 800 rads -radiation (Co} on the Thyroidal Discbarge
of a tracer dose of radioiodine ('3*i) in 5 thyrotoxic patients.
Radioactive counts per minute (xloM are plotted
against days before and after therapy.
F1
EFFECT OF 800 RADS RADIATION Q^Co)
ON THYROIDAL DISCHARGE OF A TRACER
DOSE OF RADIOIODINE('3'|) IN 5
THYROTOXIC PATIENTS.
log scale
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DAYS BEFORE AND AFTER THERAPY (jBOO RADs)
Effect of 800 rads if-radiation (^°Co) on the Thyroidal Discharge
of a tracer dose of radioiodine (1 ^i) in 5 thyrotoxic patients.
Radioactive counts per minute (x1(A) are plotted
against days before and after therapy.
I both cases were ccnsistent with those of hyperthyroidism which had
been modified by antithyroid drug therapy. There were no other
unusual features and no evidence of malignancy.
In 5 patients who received 800 rads the effect of radiation on
■
the normal exponential discharge of a tracer dose cf 13^x was
examined along with serial 30 minute 132j up-take studies before and
after irradiation. The rate of discharge of was slowed in
three patients, accelerated in 1 patient and remained unchanged in
the other (Fig. 19 and Appendix Table 22). Thus no consistent
effect was observed and the changes themselves were small.
Similarly, the pattern of four-hour 132j uptakes after radiation
showed no significant deviation from that observed prior to radiation
(Fig. 20 and Appendix Table 23). These results are in striking
contrast to the effect produced by conventional therapy doses of
1which accelerate discharge csf radioiodine from the gland and
greatly diminish four-hour,132i uptake (Tnlloch and Crooks, personal
communication).
?lg. 20
EFFECT OF SOORADS Jf- RADIATION ("Co) ON
THYROID 30 MINUTE RADIO IODINE (l32l) UPTAKE







-6 -4 -2 O 2 4 6 8 10 -6-4-2 O 2 4 6
DAYS BEFORE AND AFTER BOO RADS £ - RADIATION f ®°Co>
The effect of 800 reds ^-radiaticr^ (6°Co) on the percentage
30-minute uptake of radioiodine (^"i) by the "thyroid in
5 thyrotoxic patients. The percentage uptake is plotted




Hypotiyroidisra was not prevented in this study by the use of
a small dose ^ 31j and occurred within "three years of therapy in 5
patients (17^) • In addition, persistence of thyrotoxicosis,
recurrence of thyrotoxicosis after a period of euthyroidism and
.
| eutlyroidism after a period of hypothyroidism, were also found.
For these reasons the trial was stepped after only 30 patients had
been treated. The variation in the results cannot be explained on
the basis of existing radiation dose response studies vhich have
; shorn similar radlosensitivity of all mammalian cells providing they
are well oxygenated (Hewitt, 1962). This suggests ifaat biological
factors not related to the millicurie dose administered are
important in modifying "the results of 131l therapy, e.g. the patchy
distribution of ^31j in the thyroid (Sinclair, Abbatt, Farran,
Harriss and Lamerton, 1955) or vascular damage (Trotter and
Willoughby, 1967).
It must be emphasised that formal conparison of these results
with those obtained by Smith and Wilson (1967) i3 best avoided
because of certain variables which cannot be accurately assessed.
These include the estimate of thyroid gland wei^it which even in the
hands of an experienced observer is a highly subjective exercise.
As this estimate is quantitatively important in deciding the milli¬
curie dose/
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curie dose of ^3*11 to be given, comparison of the "calculated rad
doses" in both studies is unjustifiable. Furthermore in view ct the
initial patchy distribution of 131i in the -thyroid (Sinclair et al.
1955) an! subsequent dynamic alterations in this distribution (Levene
et al. 1955) the "calculated rad dose" cannot be acoepted at its face
value even within the one series; it is probably best regarded as a
convenient prescription device with no intrinsic therapeutic
'
advantage over arbitrary methods of milllcurie dose prescription
; (Macgregar, 1957)• In view of this, the importance of the results
reported here lies in "the scatter of the results of therapy within
the three years of the study. However, the results obtained by
McCulla^i (personal comnunication) are not encouraging with regard
to the long term incidence of hypothyroidism in patients treated with
low doses of 131i. In his series, of 21 patients receiving a dose
of 3 m.Ci or less 17 (81^) were hypothyroid ten years later; of ten
patients followed for fifteen years after similar doses 9 (90?) had
become typotbyroid.
External Radiation Therapy
The results of this study contrast with those obtained in the
low dose 131i group. Thyrotoxicosis recurred in all but three of
the 28 patients, and the "cure rate" is vhat would have been expected
from treatment with antithyroid diugs alone, Dunlqp and Holland
(1950), Solomon, Beck Vanderlaan and Astwood (1953)> Trotter (1962),
; Kacgregor/
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Macgregor (1963)* Reveno and Rosenbaura (1964), Alexander and Harden,
(1967). 1° view of this unequivocal therapeutic failure the trial
was discontinued after only 28 patients had been treated.
The failure of a dose of 800 rads to affect "thyroid gland
function was also shown by the absence of a consistent effect on the
exponential discharge of the tracer dose of ^1 or on serial half-
hour uptakes and i3 in keeping with the failure of similar doses
to affect gland function in rats as shown in Section III.
The absence of histological evidence of radiation damage in the
tissue obtained at tiyroideotocy is consistent with the findings
reported in Section II. It is also of particular interest that
Walters, Anson and Ivey (1931) found no histological changes in the
thyroids of dogs treated with doses of x-rays similar to those used
in the "successful" treatment of thyrotoxicosis at that time. This
■
along with "the failure of the therapeutic trial of ^-radiation
reported hero suggests that the "cures" reported by Hayes (1927),
Groover et al (1929) and Soley and Stone (1942) have 30me other
explanation. Spontaneous remission does occur in some Jfff. of
thyrotoxics especially if exophthalmos and goitre are minimal (Ord
and Mackenzie, 1897, cit. Wilson, 1967) and selection of cases may
have been important in achieving the results reported by the above
authors.
Because of the danger of skin and laryngeal damage, doses
greater/
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greater than 1,000 reds were not enployed in this study.
Unfortunately, doses of this order had no sigiifioant short term
effect on the functional cell mass of the thyroid and significant
"mitotic death" of the type described by Weiribren et al. (1960) did
not occur despite the use of antithyroid drugs which might have been
expected to increase the rate of cell division.
An explanation of the results of 131j ^<3 external radiation
therapy and the differences between them can be found in the results
of radiobiological studies in animals. In the experiments reported
'
in Section II there was no evidence of short term cell death in the
rat thyroid with doses of x-rays up to 2,500 reds although extreme
loss of reproductive integrity (greater than 99.9/0 occurred with a
dose of 1,000 reds. It was concluded that homogeneous irradiation
of the thyroid in a dose sufficient to diminish gland function as a
result of cell death would far clinical purposes leave no
reproductively intact cells and that a "radiation partial
thyroidectomy" with homogeneous irradiation is therefore
intrinsically impossible. In addition Al-Hindawi and Wilson (1965)
demonstrated shortening of cell life in the thyroid after
irradiation with ^. These observations provide an attractive
explanation of the delayed onset of hypothyroidism in thyrotoxic
: patients successfully treated with 1^I therapy as doses of
rediaticn/
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radiation sufficient to bring about a rapid decrease in thyroid
function are likely to result in thyroid gland failure in the long
term due to accelerated cell death and failure of replacement.
In view of the number of successful results of treatment in
this and all other reported series there is no doubt that a
"radiation partial thyroidectomy" can be achieved with 131i -therapy
but unfortunately the result is unpredictable in the individual
patient. This situation could be explained by the unpredictable
distribution pattern of in the thyroid (Levene, Andrews and
Kniseley, 1955; Sinclair et al., 1955). A homogeneous
distribution of ^31l would affect all or most of the thyroid cells
resulting in early hypothyroidism. A non-homogeneous distribution
of 131i on the other hand would spare areas of the gland in an
unp redie table way so that persisting hyperthyroidism, recurrence of
hyperthyroidism, the euthyroid state or late hypothyroidism could
result. Alternatively varying degrees of vascular damage (Trotter
and .Villoughby, 1967) may be partly responsible fbr the unpredictable
outcome.
It can therefore be concluded, whatever the total radio¬
biological explanation, that a predictable radiation partial
thyroidectomy is intrinsically impossible. Furthermore it may be
anticipated that further reduction of the mean therapy dose would
increase/
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increase still ftirther the short term incidence of both persisting
hyperthyroidism and recurrence necessitating prolonged supplementary
treatment with antitbyro id drugs (Smith and //ilaon, 1967) •
CONCLUSIONS
The use of ^ 311 in the treatment of thyrotoxicosis is governed
by a consideration of the following factors.
1. The intrinsic inpossibility of a predictable radiation
partial thyroidectomy in any one patient.
2. The convenience and complete lack of short term morbidily
with radioiodine therapy in contrast to surgexy.
3. The acceptance of a significant long term hypothyroid rate
irrespective of the therapy dose employed.
4. An unwillingness to ablate eveiy patient in view of the lack
of information about patient reliability in long term
thyroxine replacement therapy and the desirabidity of
inducing "permanent" euthyroidism in terns of a particular
patient* s life expectancy, without recourse to drug
administration in the form of antithyroid drugs or thyroxine
replacesent therapy.
In view of these considerations 1he following indications for
radioiodine therapy can be drawn up. It must be emphasised,
however, that the individual case must be considered on its merits
and ary particular factor taken into account.
Indications for 1 Therapy in Thyrotoxicosis
In the light of the results reported here there are no
indications for the treatment of thyrotoxicosis with external
radiation/
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radiation alone. In general it is justifiable to use ^31i in the
treatment of all "thyrotoxic patients over the age of 40 years.
Post-menopausal women and patients who refuse surgery should also be
treated with radioiodine. Other indications include coincident
disease such as ischaemic heart disease, cardiac failure, hypertension,
chronic respiratory disease, brittle diabetes, psychiatric disease
and previous thyroidectomy.
Po3e of 131i in Various Categories of Thyrotoxic Patients
In deciding upon the dose of radioiodine to be enployed, a large
nunher of factors must be taken into consideration in the individual
oase. Undoubtedly, the low dose regime described by Smith and
Wilson (1967) increases the chance of any one patient remaining
eutigroid for the rest of his or her life without recourse to
thyroxine replacement therapy. This form of therapy is therefore of
great potential advantage in the younger patient, particularly those
under the age of 40 years. However, when low doses cf ^311 are
employed many patients require prolonged supervision at a hospital
clinic during several courses of antitigroid drugs, whilst awaiting
the onset of permanent euthyroidiam brought about by the initial
therapy. Social factors such as interference with work, care
of a young family and distance from the centre are therefore
important in deciding upon this form of therapy. Nonetheless, apart
from/
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from clinical research, this regime has considerable advantages in
selected cases. With older patients larger doses of radioiodine
can be employed so as to hasten the attainment of permanent
euthyroidism while at the same time leaving a reasonable probability
that the individual will not become hypothyroid within his life
expectancy.
Clearly, further clinical trials are required to define with
certainty the points of optimal application of the various dose
levels of ^311m in the meantime, however, the following are
Patients under the age of 2d) years should, if circumstances permit,
be treated by the low dose regime of Smith and Tilson (19&7).
Patients over the age of 2+0 years diould receive doses in the range
6 to 12 mCi depending on gland size (Macgregor, 1957)* with an
arbitrary tendency to the higher end of the dose range with
increasing age of the patient. Patients with large nodular goitres
are often resistant to mdioiodine therapy and may require several
doses of the order of 20 mCi. On the other hand, patients who have
had a previous thyroidectomy are best treated with small amounts,
say 2 to 5 mCi, in order to prevent the high incidence of hypo¬
thyroidism which would follow the use of conventional doses.
Thyrocardiac patients, i.e. those with heart failure or angina of
effort, should receive an "ablative" dose of "^i, i.e. 25 to 50 mCi
suggested as an approximate guide for utine patient care.
in/
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in an attempt at rapid and metre certain control of their thyro¬
toxicosis.
In the majority of patients from all categories control of the
disease may be more rapidly and predictably achieved with
supplementary antithyroid drugs (G-reig, Kohamed, Aboul-Ehair and
Crocks, 1965) starting one week after treatment with 131j an^
continuing until they are euthyroid. The place of^ -adrenergic
blocking drugs (e.g. propanolol) as an adjunct to radioiocELne therapy
requires further evaluation especially in thyrocardiac patients. In
those patients who receive an "ablative dose followed by antithyroid
drugs, thyroxine rep lacement should be started as soon as they are
euthyroid. This has the twofold purpose of preventing hypo¬
thyroidism and allowing a suppression test with a tracer dose of
132i to be carried out. If there is a significant 20-minute uptake
by the thyroid (greater than Bp) it indicates that ablation is
incomplete and a further large dose of ^ 311 should be given.
Finally, the place of antithyroid drugs alone in the treatment
of thyrotoxicosis is being reassessed by Alexander et al (1967).
If a permanent remission by this means can be predicted by the
tri-iodothyronine suppression test then the indications for both
partial thyroidecton\y and radioiodine therapy will need to be
revi sed.
As mentioned earlier the decision of how to treat any individual
patient/
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patient depends on individual circumstances. In particular the
above treatment policy assumes the services of an experienced thyroid
surgeon. If such is not available, more patients will be treated
with radioiodine therapy. In -this context it should be noted that
in addition to the early complications, surgery results in a
significant hypothyroid rate which varies from % to 30^ in reported
series (Hershman, 1966; Wilson, 1967). In Aberdeen, a hypothyroid
| rate of 38/ was found in a random sample of patients followed up 5
to 20 years after a standard radical partial thyroidectony (Hedley,
Michie and Crooks - personal communication). These observations
cast the hypothyroid rate after radioiodine therapy in a different
li$it and indicate that surgery is not an ideal alternative to
treatment with ^1, Clearly, hypothyroidism following 131i therapy
cannot be entirely accounted for by radiation damage.
The above discussion of the indicaticns far radioiodine therapy
and the dose of ^31i to be employed has been presented on the basis
of the degree of probability of any one patient becoming euihyroid
or hypothyroid within a certain period of time. It must be
emphasised however, that in the individual patient there is no way
of predicting the outcome. In particular any patient may become
hypothyroid at any time after initial treatment with ^311. The
acceptance of a significant hypothyroid rate duplies the acceptance
of responsibility for detecting and treating these patients and
ensuring/
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ensuring that they remain euthyroid for the rest of their lives.
This is especially the case as the disease is both iatrogenic and
amenable to therapy. If no follow-up is possible, thyroid ablation
followed by thyroxine replacement -therapy might be justified. The
latter policy, however shifts the responsibility for the maintenance
of the euthyroid state from the doctor to the patient.
Unfortunately many patients stop or modify the dose of thyroxine
replacement therapy of their own accord (see Section V) and fbllow-up
is necessary to ensure efficient life-long replacement therapy.
Accurate assessment of the probability that any particular patient
will continue to take replacement "therapy i3 impossible as even
intelligent patients are often found at fault. In view of this, the
evolution of fhture management policies for patients with hyper¬
thyroidism, who are candidates for destructive therapy by surgery or
^1, will depend on establishing efficient follow-up schemes.
Pilot studies have been carried out in Aberdeen and Manchester on one
such method of follow-up, This appears to be practicable, efficient
in the detection of hypothyroidism and economical cf nodical man¬
power. The results of this study are reported in detail in the
following section (Section V).
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SUM"MY
Because of the disadvantages of conventional treatment of
lyperthyroidism with ^^1, two alternative methods cf radiation
therapy were assessed. One group of hypertlyroid patients received
a dose of 131j calculated to deliver 2,400 rads to the thyroid, and
a second group was treated by external radiation from a ^Oco source,
with doses of 115 to 900 rads. Of the 30 patients treated with
151I ohly 11 were euthyroid 2 to 3 years later. Persisting hyper¬
thyroidism, relapse and hypothyroidism occurred in the remainder.
In the patients treated by external radiation, 25 out of the 28
patients relapsed soon after antithyroid drugs were withdrawn and
there are therefore no indications for this form of therapy.
It eppears that it is impossible to achieve a predictable
"radiation partial thyroidectomy" with ^ 31 j therapy and that amounts
of radiation sufficient to re&ice tlyroid function to normal will
result in a significant risk of eventual thyroid failure. The best
compremise appears to be that which attempts to postpone the
development of thyroid failure to a time beyond the patient's life
expectancy. On this basis a guide to the use of 131j in hyper-
thyroidism in various groups of patients has been proposed.
SECTICN V
A Method of Long Tana Follow-Up of Patients
Treated with Radioiodine 0^1)
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INTRODUCTION
Although radioiodine therapy has many advantages in the
management of patients with thyrotoxicosis all workers are agreed
that at all therapeutically effective dose levels a significant
incidence of late hypothyroidism is inevitable (see Section IV), As
many patients treated with ^31j are middle-aged at "the tine of
treatment incipient hypothyroidism is often mistaken for the ageing
process. Furthermore the apathy of hypothyroidism decreases the
chances of spontaneous reporting of the symptoms of the disease to
the family doctor. Consequently, many patients reach the stage of
advanced hypothyroidism before detection, by which time irreversible
damage such as coronary artery disease may have occurred (Bastenie,
Vanhael3t and Neve, 1967). Unfortunately neither the hospital nor
general practitioner services have accepted formal responsibility
for these patients.
Any system designed to deal with this problem must depend upon
liaison between the family doctor and hospital services in order
that life-long follow-up of every patient can be achieved. It
should be able to accurately locate both patient and family doctor
and allow assessment of the patient's thyroid state with maximum
economy of medical man-power aid minimum inconvenience to the
patient. A follow-up scheme based on these principles has been put
into operation in the North-East of Scotland and its efficaoy
evaluated. To examine its applicability bo a metropolitan area a
cane/
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one year pilot survey of patients treated at the Christie Hospital,
Manchester in 1957-58 was carried out. This group was also chosen
in order to invdsti^ite "the difficulties of applying this method of
follow-up to patients not under current supervision at the clinic




An "at risk" register for patients treated with conventional
doses of radioiodine in the Aberdeen area was established in the
following way. At the time of treats©nt a card was completed for
each patient with details cf the patient's name, address, family
doctor and the dates and doses of radioiodine therapy. Similar
cards were completed fbr all patients treated prior to the
institution of the "at risk" register. In all, 235 patients had
been treated with radioiodine involving 155 general practitioners.
Of the 235 patients on the "at risk" register, 109 (46T) were already
on -thyroxine replacement therapy.
When the patient had been rendered euthyroid, with or vdthoufc
thyroxine replacement therapy, both doctor and patient were asked if
thqy would participate in the life-long follow-up scheme. The
family doctors of the 31 patients who, for various reasons (e.g.
resident in Orkney), had already been discharged from the clinic
were also asked to co-operate in the scheme. If the doctor did not
reply to the first invi tation to co-operate a "chaser letter",
identical to the first, was sent to him. Stated refusal or failure
to reply to the first cr chaser letters were regarded as non-co-
operation. The patiaits of these doctors continued to be followed
at the hospital clinic, since the doctors concerned had no objection
to/
Fig. 21
Diagrammatic representation of the mechanics of the
Automated Follow-Up for thyrotoxic patients
treated with radioiodine ('*'!),
Fig. 21
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Diagrammatic representati cn of the mechanics cf the
Automated Follow-Up for ttyrotaxic patients
treated with radioiodine O^i).
I
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to "the conventional hospital follow-up procedure. Each doctor was
asked to inform the registiy of any change of address of himself or
of the patient and an attempt was made via the Executive Council to
trace all patients and doctors who could not be contacted by 1he
C.P.O.
The operation of the follow-up scheme is summarised
diagrammatically in Fig. 21. If agreement to co-operate was
obtained from both patient and family doctor the completed card was
removed from the "at risk" register and placed in a "follow-up"
register with 12 (monthly) divisions. Once per year each card
(patient) was automatically removed from the "follow-up" register by
a secretary. The family doctor was sent a special iodine-free
syringe cum test-tube (Steriseal Disposable Syringe) for removal of
a 10 ml. blood sample with precise instructions fbr its use. He
also received a copy of the Hypothyroid Diagnostic Index diown in
Table XIII, (Billewicz, Chapmen, Crooks, Day, G-ossage, tfayne and
Young - to be published). This contains eight synptoms and six
signs of hypothyroidism together with the criteria for their
recognition. A stamped addressed box for returning the blood sample
and completed questionnaire was also provided. At the same time the
patient was sent a letter asking him or her to attend the family
doctor's surgery within ten days. If no reply was obtained within




Hypothyroidism - Diagnostic Index
SYMPTOMS (of recent onset' Descri pti on SCORE (Ring appropriate ralue)
Present Absent Doubtful
1. Diminished sweating Sweating in a warm room or
centrally heated hall
+6 -2 *
2. Dry skin Dryness of skin noticed spon¬
taneously or on removing clothing,
requiring skin cream
+3 •6
3. Cold intolerance Preference for a warm room, extra
clothing or bed clothing
-5
4. Weight increase Recorded increase in weitjit;
tifitness of clothing
+1 -1 ( i
5. Constipati on Bowel habits; use of taxatives +2 -1 (
6. Hoarseness of voice Speaking voice; singing voice +5 -6 ( I
7. Paraesthesiae Subjective sensations of numbness,
tingling, etc.
+5 -4 ( i
8. Deafness Progressive impairment of hearing +2 0 (
SIGNS
9. Slow movements Observe patient raming and re¬
placing a buttoned garment
+11 -3 (
10. Coarse skin Examine hands, forearms, elbows
for roughness and thickening of
skin
+7 -7 ( i
11. Cold skin Compare temperature of examiner's
and patient's hands
+3 -2 (
12. Periorbital puffiness Should obscure curve of malar eminence +4 -6 (
13. Slow pulse rate Count over 30 seconds. Slowing
present if under 75/min.
+4 -4 (
-
14. Slowing of ankle
jerk
Elicit with patient kneeling on a








Diagnostic Index Score <£ - 25 Euthyroid
-24 to + 19 Doubtful
£ + 20 Hypotiyroid
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patient and doctcr.
The cDepleted form and blood sample were returned to the
secretary for processing. To each of the symptoms and sigis on the
Diagnostic Index she allocated the scores (discriminant functions)
shorn in Table nil. By adding these she obtained a diagnostic
score with ranges in which hypothyroidism should be suspected,
(Billewicz et al. - to be published). In order to minimise bias by
the family doctor in eliciting the various synptoms and sigis the
scores were emitted from the form sent to him and entered only after
the return of the form to "the registry. A serum P.B.I, was carried
out on the blood sample and interpreted in the light of an establishe
range of normal, values (4-8y^g/100ml.). On the basis of both
pieces of information the secretary carried out an "act of selective
diagnosis" by vshich the "at risk" patient was allocated to one of
three groups, namely euthyroid, hypothyroid or doubtful. If the
olinioal and laboratory evidence were in conflict the patient was
allocated to the doubtful category. At this point a hospital
doctor (JRP) sent an individually dictated and signed letter to the
fanily doctor informing him of the results. Patients judged to be
euthyroid were returned to the "follow-up" regi ster for repeat
screening the following year. Patients classified as hypothyroid or
dcubtful were asked to attend the hospital clinic for further
investigation. This was carried out on clinical grounds with the
aid/
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aid of the Hypotlyroid Diagnostic Index, serum P.B.I, and cholesterol
estimations and examination of serial ECO*3. Assessment was often
facilitated by the possession of "base-line" ECG-'s, 3erum L.B.I. and
blood cholesterol estimations which had been carried cut on all
patients prior to their discharge from the clinic. Changes in these
parameters in the individual patient could thus be detected.
Finally, in difficult cases the response of the various clinical and
laboratory parameters to a therapeutic trial with thyroxine replace¬
ment iherapy was assessed.
Manchester One Year Pilot Survey
A total of 198 thyrotoxic patients treated with "I31j at the
Christie Hospital clinic between 1957/1958 were studied. These
patients were in the care of 190 family dootors at the time of
initial treatment. In the first instance the doctor's were asked to
co-operate in a follow-up scheme in the same way as in the Aberdeen
area. If no reply was received a "chaser letter" identical to the
first was sent. Only if the doctor indicated willingness to
co-operate was a letter sent to the patient asking him to attend the
doctor's surgery. Doctors and patients were classified as
"untraceable" if they could not be found by the G.P.O. and the
letters returned to the sender. No further search was carried out
to locate either doctors or patients at this time.
In/
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In order to simulate the procedure established in the Aberdeen
automated follow-up, all correspondence for the Manchester survey
was dispatched from, and returned to, the Christie Hospital,
Manchester where the patient had received ^therapy. Hie
processing of the clinical and laboratory data was, however, carried
out in Aberdeen by the same personnel aid in the same laboratoiy as
for the Aberdeen automated follow-up.
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RESULTS
Aberdeen Automa. ted Follow-Up
Response of Doctors
The response of the 155 general practitioners who were invited
to participate in the automated follow-up scheme is summarised in
Table XIV. Of these, 143 (94^) agreed to co-qperate. Eleven
doctors consented after receiving "the "chaser letter". Ten doctors
did not reply to the first or chaser letters and two replied in the
negative. Five doctors #io agreed to co-operate were unable to do
so because of failure cf the patient to attend the surgery.
i *
Response of Patients
The response of the patients to the follow-up scheme is shown
in Table XV. Thirty-one patients are not being followed either by
the registry or at the hospital clinic because of death (12),
follow-up elsewhere, e.g. emigration (9) and failure to attend the
family doctor (5). The remaining five patients have been lost to
follow-up as a result of changing both their family dootor and their
address and failing to register with another doctor under the
National Health Service.
From the total of 235 patients, 1?5 are at present being
reviewed annually through the register. Included in this number
are 24 patients who have already been reassessed at the hospital






Refusal to co-operate - explicit "no" 2
No reply to first request to co-operate 21
Total "yes" to first request to co-operate 132
Number of chaser letters sent 21
No reply to chaser letter 10
Total "yes" to chaser letter 11
Total Number of doctors willing to co-operate 1A3(9A$





Patients being followed through register 175
Number of patients dead 12
Patients followed-up elsewhere 9
Number of Patients "lost" 5
Patients affected by non-co-operation of
G.P. (Followed at clinic) 12
Patients not attending G.P. for sample 5
Number of patients suspected of hypothyroidism
referred to clinic and still attendi ng there
17
Total Number of Patients 235
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treated if necessary and placed back in the register far annual
review. Seventeen patients who were subjected of hypothyroidism by
the postal follow-up are at present attending the hospital clinic for
purposes of diagnosis and treatment. An additional 12 patients are
reviewed annually afi the thyroid clinic because the family doctor
preferred the conventicnal hospital follow-up procedure.
The Operational Economy of the Automated Follow-Up Scheme
As a result of the automated follow-up scheme it ha3 been
necessary to see only 53 of the patients at the dinio over the past
2§- years. If the scheme had not been operating annual review would
have necessitated at least 480 (2.5 x 192) patient visits to the
clinic. Thus, in terras of patient load per annum (strictly not
equivalent to clinic visits per annum) there has been a reduction of
89^ in the demands made upon the hoqpital clinic. It is anticipated
that the clinic work load will maintain itself at approximately 10^
of its original level. In lieu of this a hospital doctor spends one
hour each month supervising the register and the family dootor
performs approximately 1.27 (j^) venepunctures per annum in addition
to completing the Diagnostic Score sheet. The estimated work load
on the family doctor is approximately 10 minutes per annum.
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Efficiency of the Follow-Up Scheme in the Detection of Hypothyroid!s:a
lb can be seen from Table XVI that over the first two and a half
years since the automated follow-up was begun, 41 patients have been
brought back to the hospital clinic subjected of hypothyroidism.
Eighteen of these 41 patients were supposedly on adequate
thyroxine replacement therapy for established hypothyroidism. In
this group, 9 were suspected on the grounds of the Hypothyroid
Index score, 4 because of a low serum P.B.I, and 5 from both the
Diagnostic Index score and low serum P.B.I, Stated in another way,
14 patients had suspicious Diagnostic Index scores and 9 patients a
low serum P.B.I. Of these 16 patients, 14 were finally diagiosed
as hypothyroid at the hospital clinic. Had the automated follow-up
been carried out using the serum P.B.I, alone as the indicator of
hypothyroidism, 7 of the patients finally diagnosed as hypothyroid
would have been missed. If the Diagnostic Index had been used alon^
two patients would have been missed. Thus, although the nunhers ars
small, in the group cf patients on thyroxine replacement therapy the
Hypothyroid Index score appears to be the more efficient indicator
of hypothyroidism.
There were 23 patients suspected of hypothyroidism who had not
previously been on thyroxine replacement therapy. Five were
suspected by the hypothyroid Dia^iostic Index score, 8 from a low
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*0n basis of hypothyroid diagnostic index score, PBI, serum cholesterol, ECG and
response to trial of thyroxine replacement therapy.
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P.B.I. Thus, in this group, 15 patients had an abnormal Piagiostic
Index score and 18 a low serum P.B.I. Of these 23 patients, 11 werle
subsequently shewn to be hypothyroid. Only one patient would have
been missed if the automated follow-up had been carried out using
the serum P.B.I, alone. Three patients would have been missed if
the diagnostic score had been used alone. Thus, in those patients
not cn thyroxine the serum P.B.I, appears to be the more efficient
indicator of hypothyroidism,
A measure of the consistency oP the automated follow-up is to
be found in the fact that since the follow-up scheme was initiated
35 of the patients on no previous thyroxine replacement therapy have
been screened twice. Of these oniy four were suspected of hypo¬
thyroidism on the second screening who had been considered euthyroid
can the first. Two of these were subsequently found to be hypo¬
thyroid after assessment at the hospital clinic. This number is
consi stent with the annual increase in tlie cumulative hypothyroid
rate with time after initial therapy reported in other series:
(Smith and Wilson, 1967).
Manchester One Year Pilot Survey
Response cf Doctors
The results are summarised in Table XVII. Of the 190 doctors
who were invited to participate in the automated follow-up scheme







Willing ) Patient dead
but j Patient untraceable
Unable to ) Patient being followed elsewhere
Co-operate) Patient not attending surgery
Untraceable, retired or dead











letter this nunfcer increased to 89. Eleven doctors who agreed to
co-operate could not do so because their patients did not attend the
surgery. The final effective eo-cperation therefore was 78 out of
190 doctors, i.e. However, outright non-co-operation was
found in only 15^ (29) of general practitioners. The remaining 24$
of family doctors were not in a position to co-operate fully althoug]
their replies indicated a willingiess to do so had this been
possible. If the 17 doctors who were untraceable, retired or dead
are excluded from the analysis a total of 13k doctors ait of 173
(8]$) either eo-qperated or showed willingness to do so. If the
83 doctors who were not in a position to co-operate are excluded, an
effective co-operation rate of 73f? (78 out of 107) is obtained.
Response of Patients
The results relevant to the efficiency of follow-up of the
patients is shorn in Table XVIII. Of the 198 patients in this
group only 80 were finally assessed via the automated follow-up
scheme. Seventeen patients had died, 7 were being followed else¬
where and 30 patients were not screened because of non-co-operation
on the part of the family doctor. Thirty-five patients ?/hose
previous family doctors were agreeable to co-qperate could not be
traced by the G.P.O. Seventeen patients were excluded by virtue of
the faot 1hat their family doctor at the time of therapy (1957-58)
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failed to attend their family doctor fbr the appropriate clinical
examination and blood sample.
By the same criteria as in the Aberdeen Follow-up, 25 patients
(out of 80) were suspected of hypothyroidism and have been referred
back to a hospital consultant for further assessment. The higfr
percentage of suspects (31/=) in this series is probably due to the
long period (8 years in most cases) since cessation cf hospital
supervision. During such a period significant numbers of patients
inevitably became bypothyroid, irrespective of the initial therapy
dose. The low detection rate in the absence of efficient follow-up
is reflected by the fact that only 16 of the 80 patients screened
(20^) were known to be on thyroxine replacement therapy. This
contrasts with the much higher hypothyroid rate in all other series
where conventional millicurie doses of ^31l have been employed, e.g.
l£f/ eight years after therapy in the series reported by Crooks (19651 .
The assessment of the 25 patients suspected cf hypothyroidism
was carried out ty a number of different consultant physicians at
various clinics in the West Midlands. Because of the lack of
standardisation 1he results of these assessments are not presented
here. The main objective of the survey viz. the investigation of
the operational difficulties inherent in the retrospective
application cf the Aberdeen Automated Follow-Up Scheme to a
metropolitan area had, however, been achieved.
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DISCUSSION
The Automated Follow-Up Scheme has been highly successful in
the Aberdeen area which extends to the North cf Scotland and Orkney
and Shetland. In these circumstances this type of follow-up is
extremely convenient and time-saving to the patient and doctors
alike. With 3Cf ! of general practitioners co-operating the patient
load on the hospital out-patient clinic was reduced by 89/. The
fact that the entire operation is run by a secretary even to the
point of making a "selective diagnosis" on the basis cf numerical
information from the Diagiostic Index score and serum P.B.I,
represents a further econony in medical man-power.
With regard to the mechanics of the follow-up scheme it is
clear that clinical assessment based on the Hypothyroid Diagnostic
Index (Billewicz et al., 1968) along with one biochemical index
such as the serum P.B.I, is an efficient and consistent method of
detecting undiagnosed hypothyroidism even in the hands of staff
without medical training. As ndgjht have been anticipated, the
diagnostic index score is most efficient in tho® patients on
thyroxine replacement therapy because of the distortion of the
normal range of serum P.B.I. even by inadequate or intermittent
thyroxine administration. On the other hand, it should be noted
that the Hypothyroid Diagnostic Index employed here was designed to




which probably pursues a different clinical course <*rora iatro>ronic
hypothyroidism. This may account for the finding that the serum
P.B.I, was a more efficient indicator of hypothyroidism than the
Diagnostic Index in -those patients not on thyroxine therapy.
Clearly, however, the use of two indicators offers an insurance
against failure of one of them in any particular case.
The fact that 18 out of a total of 109 patients on thyroxine
therapy were suspected of hypothyroidism of whom 14 (1 of the
total) were ultimately shown to be hypothyroid indicates that a
significant proportion of patients cannot be trusted to adhere to
long term replacement therapy. Twenty-three patients out at a
total of 126 who were not on thyroxine replacement therapy were
subjected of hypothyroidism of feom 11 (8.6^ of the total) were
ultimately shown to be hypothyroid. Taking both groups together
11?2 of all radioiodine treated patients in the Aberdeen area had
been shown to be lypotlyroid over the past 2% years. In view of
the predominantly prospective nature of this follow-up it is
likely that, at the very least, 11$ of all radioiodine treated
patients are hypothyroid in varying degrees. As approximately
160,000 of thyrotoxic patients have been treated wife 131jt (Greig,
1966) there therefore exists a large morbid population who are
potentially curable.
The gravity of the situation is emphasised by consideration of
the/
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the results of the Manchester pilot survey. Of these patients
treated ten years previously at the Christie Hospital, Manchester,
only bl£.± (87) could be followed-up by the registry. Here the
intrinsic problems of diagnosing incipient hypothyroidism are
anplified by the large number of patients treated in this centre
(approximately 500 per annum) combined with a rapidly moving
population vdih consecjient increased difficulty in tracing patients.
These findings are in keeping with the infbrmtion contained in the
1961 census migration tables for this area hich indicate that
approximately 18^ of this population change their address within
2 years. Nonetheless, 8J$ of the family doctors in this area
indioated their willingiess to co-qperate in such a follow-up scheme,
It is likely ihat even mere would have been willing to co-operate
v
had the scheme applied prospectively•
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CONCLUSIONS
To be fully successful life-long follow-up must be initiated
prospectively at the time of -therapy. Any delay decreases the
possibility of* efficient supervision. Nevertheless as a public
health measure the problem of tracing all ^ 31 j treated patients
should be tackled as quickly and vigourously as possible in view of
the fact that many of them are suffering from a potentially curable
iatrogenic disease.
Neither the hospital consultant nor the family doctor is on his
oai well equipped to carry out life-long follow-up of this type.
i
This function can probably best be carried out on a regional basis
with an organ! saticn designed to bring about a greater degree of
co-operation between the family doctor, hospital and laboratory
services, A register of "at risk" patients maintained in each
centre would obviate the difficulties of change of address of the
patient, or change or death erf* the family doctor or hospital
consultant. At the same time the family doctor remains responsible
for the overall care of his patient and carries out the follow-up
with -the aid of the hospital laboratory and administrative services.
The need for hospital admissions and out-patient clinic attendances
is greatly reduced and so prevents the "snowballing phenomenon"
which is the inevitable result of cumulative long term follow-up at
hospital out-patient clinics. Further economies in medical man¬
power/
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power derive from the fact that the entire administrative work load
can easily he carried by a secretary with minimal si^ervision from
the hospital consultant and as each family doctor has cnly a few
such patients there is no undue increase in his commitment.
This type of patient-care mi$it well be employed to solve
problems inherent in other forms of treatment resulting in long-
term iatrogenic morbidity, e.g. anaemia and bone disease following
partial gastrectomy (Crooks, Clark, /.mar and Coull, 1965). The
precise details of such follow-up schemes would be designed to meet
particular problems in each disease but the success cf this project
is an encourageraent to the development of diagnostic indices for
other disease processes. Finally, it emerges that the efficiency
of life-long follow-up should be a prime determinant in deciding
upon any -therapeutic procedure which produces significant long-
term morbidity.
The potential increase in administrative work-load may seem
formidable if this philosophy is carried to its logical conclusion.
However, if Fig. 21 is re-examined it can be seen that the Automated
Follow-Up Scheme was designed with future computer involvement in
mind. The transfer from manual to computer administration of the
scheme is now taking place and is being extended to include
surgically treated thyrotoxic patients. The efficiency of both
clinical and experimental medicine is under a constant threat from
excessive/
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excessive routine and administrative commitments. The application
of computer techniques to these problems should enable the
individual doctor to concentrate more on the tasks for ,«Mch he was
trained with consequent benefit to the patient.
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SUMMARY
In recognition of the high cumulative incidence of hypo¬
thyroidism following radioiodine treatment with thyrotoxicosis, the
unreliability of patients in long term self administration of
thyroxine and the difficulties in diagiosing hypothyroidism, an
automated life-long follow-up scheme for patients treated with
radioiodine has been evolved. This is based cn the clinical
diagnosis of hypothyroidism with the aid of a computer derived
"Hypothyroid Diagnostic Index" (Billewiez et al. - to be publidied)
and a serum P.B.I, eatiraation. In the Aberdean area a prospective
stuc|y ha3 shown this to be an efficient and consistent method of
detecting undiafnosed hypothyroidism, with maximal economy in medical,
man-power. A one year pilot survey in the Manchester area has
demonstrated clearly the need fbr such a scheme aid the difficulties
involved in its retrospective application. It is proposed that
responsibility fbr such patients should be assumed by the medical
services of an area, integrating the family doctor, hospital and
Laboratory services in order to achieve the highest possible
standard of life-long patient care.
SECTION VI
Some Theoretical Consideratlona in Quantitative Histology.
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INTRODUCTION
Certain quantitative histological techniques are concerned with
the determination of numbers, volumes and surface areas of tissue
structures. In the course of the investigations reported in
Sections I and II, it was found that while these methods are in
common usage seme oP the theoretical assumptions on which they rest
have never been rigorously established and are, in some cases,
unjustifiable. Moreover, the practical circumstanoes in which
these techniques are and are not valid have not been strictly defineji,
with the result that they may be in danger of misapplication. This
study was undertaken in an attempt to inprove the theoretical
understanding and to define the practical limitations of these
methods.
Randomness in Organised Tissues
All the methods to be considered are statistical in nature and
therefore depend on some assumptions about randomness. Now tissue
components cannot interpenetrate and their distribution cannot there]
fore be completely random, quite apart from any inherent tissue
regularities. Fortunately however, in order to obtain randomness
of sampling procedure, it is sufficient to choose the measurement
position on the ^.ven histological section and the orientation of




All existing methods for estimating the mean volume (relative
and absolute) of distinct tissue structures depend on the projection
of an image of a stained microscopic section onto a plane surface,
such as a screen or the retina of the eye. It has been stated or
implied that the relative total areas on that plane surface occupied
by the images of the various components are directly proportional to
the relative total volumes of those components: Chalkley (1943),
Tala (1952), Uotila and Kannas (1952), Santler (1957), Hally (1964).
Consequently methods of estimating these relative areas have been
assumed to yield estimates of the relative volumes of tissue
components.
Tela (1952) superimposed two random lines crt to the projected
image of a stained tissue section, and derived the relative conponenb
volumes by assuming them to be proportional to the relative values
of the sums of the segments of the lines lying over the images of
these components. Chalkley (1943) and Hally (1964) superimposed a
set of random points over the projected image, and assumed the
relative component volumes to be proportional to the relative number
of points which lie over the various conponents. All these
assumptions which equate relative areas with relative volumes are
true only under certain conditions which strictly speaking oannot be
achieved. Unless the theoretical considerations underlying these
methods/
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methods are understood they may he used in inappropriate situations
and invalid results obtained.
Geologists have long used methods similar to those mentioned
above for e stimating the relative volumes of different mineral
species in rook samples: Chayes (1954)• The plane surface exposed
by cutting through a rock is examined by reflected li^it and the
opacity of the specimen to li^it ensures that the section is,
effectively, very thin. A histological section, however, is three-
dimensional and contains within it three-dimensional tissue
coupcnents. When a stained microscopic section is examined it is
the two-dimensional projected image of these three-dimensional
components on a plane surface which is actually visualised,
Chalkley (1943)» Tala (1952) and Hally (19&4) t>y comparing their
results with those obtained by planimetry have demonstrated that
their methods do measure the relative areas of the projected plane
image. These areas do not, however, always correspond to the
relative volumes of the three-dimensional tissue components. One
of the reasons for this is shown in Fig, 22 in which the number and
length of segments cf two lines intercepting cell nuclei are
compared. One imaginary line passes through the tissue (the ideal
line) and the other (the practical line) is superimposed on the
projected image. The diagram is, of course, a two-dimensional









. LINE SUPERIMPOSED ON
PROJECTED IMAGE
IMAGINARY (IDEAL) LINE""
DRAWN THROUGH THE SECTION
-CELL NUCLEI
Comparison of the Estimates of Relative Nuclear Volume
obtained by an ideal line drawn throu^i a tissue section
with that obtained by a line superimposed on the
projected image of the section.
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that for the ideal line passing through the tissue the relative
total volume of nuclei is equal to the fraction of the length of
the line lying within nuclei (see Proof A) then clearly the super¬
imposed line gives a much higher (and erroneous) value for the
relative total volume of cell nuclei. This argument applies to
any tissue component and a correction factor is required for this
"inclusion effect". It can be seen that the thinner the secticn
the more closely it approaches the ideal plane of zero thickness
whose projection corresponds to the plane itself, and for uhich the
ideal and superimposed lines will therefore also correspond.
Two general methods for meeting this difficulty of estimating
the relative volumes of three-dimensional structures from their
two-dimensional plane projected images are discussed below under
the headings "thin sections" and "thick sections"#
"Thin" Sections
The papers of Chalkley (1943)» Tala (1952) and Uotila and
Kanna3 (1952) correctly state that if an imaginary random line is
drawn through a tissue, the relative values of the sum of its
segments lying within distinct conponents is proportional to the
relative volumes of those components (see Fig. 22). Chalkley goes
on to say that the relative volumes of tissue components is also
proportional to the relative numbers of imaginary random points
distributed/
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distributed in space which coincide with the various components.
Similarly if an ideal plane of zero thickness is drawn through the
tissue, the relative total area cf the plane lying within the
various components will be proportional to the relative total
volumes of those components: Proofs of these three propositions are
provided later (Proofs A, B and C).
If it were possible to cut and stain infinitely thin sections,
both the section and its projected image would correspond to the
ideal plane. In this event, planimetry, the random line method of
Tala (1952) and the randan points method of Chalkley (1943) and
Hally (1964) would be absolutely valid for estimating relative
volumes. Infinitely thin sections cannot be obtained, but if the
section were "very thin" relative to the structure whose relative
volume was being determined, it is reasonable to assure that a
fairly accurate estimate would be obtained. One can approximate
to this situation in two ways (A and B).
(A) Sections are cut as thinly as possible relative to the
dimensions of the structures whose relative volumes are being
estimated. A random line or random points can then be superimposed
on the projected image, and values for the relative component
volumes derived. The absolute total component volumes for "the





i.e. Va = VtR
where Va is the absolute total volume of a tissue component, R its
relative volume and V^. the total organ volume. Furthermore, the
mean volume of my structure, e.g. cells or nuclei, can now be
calculated if their total number is determined
i.e. 7m = XS
Nt
where is the total number of any particular tissue conponent in
an organ and its mean volume.
This nethod is probably of greatest value in examining non-
homogeneous tissues such as the thyroid where relatively large
volumes in any me part of the gland raay be occupied by cue component,
e.g. large acini filled with colloid may predominate in me part of
the gland, and large volumes of cytoplasm formed by dense aggregates
of cells in another. Such components have a large mean diameter
relative to the section thickness so that ordinary (e.g. 6a) sections
/
can be employed. Moreover with low power magnification, and hence
large fields, whole sections can be scanned quickly with the
assurance that truly representative samples are being taken,
(B) This method makes use of the small depth of fbcus possessed by
! lenses of hi^i numerical aperture (N.A.). For example, an oil
I immersion objective with N.A. = 1.25 used with a x10 eyepiece has a
depth of focus of only ; (&lasser, 1944). By this means one
effectively visualises a very thin slice of tissue. In these
ci rcumstanoes/
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circumstances the projected image approximates very well to the
ideal plane and. the methods of Tala (1952), Chalkley (1943) and
Hally (1964) are valid for estimating the relative volumes of tissue
components -.hose mean diameter is large relative to the thickness of
the slice of tissue visualised. This technique makes easily
available a. very thin stained slice of tissue for volume estimations.
Unfortunately it can only be employed for examining fairly homo¬
geneous tissues in which sufficient numbers of the various
components in representative proportions can be seen in one high
power field. For non-homogeneous tissues the number of fields
required to scan even one entire section would be formidable.
Examination of fewer fields would yield results in which one could
have little confidence. As Chalkley (1943) points out, this method
is suitable for estimating the relative volumes cf nuclei and
cytoplasm. As nuclei are often spherical or ellipsoidal their
absolute mean volume can be calculated, and hence the absolute mean
volume can be calculated, and hence the absolute mean cytoplasmic
and cell volumes.
"Thick" Sections
This approach involves the derivation of a correction factor
which would enable relative volume estimations to be made from
"thick" microtome sections, i.e. where the section thickness is




Y/hen correcting for section thickness there are two major
effects to be taken into account. The first of these is an
"inclusion effect" which arises from the fact that when a particular
tissue conponent is cut by either the upper or lower face of a
histological section, the area which is seen on, say, a microscope
projection screen, is not the area cut by the section face (i.e. the
ideal plane) but the projected area of that part of the component
within the section. This effect is even more pronounced if the
component is contained entirely within the section. Secondly when
the component size, component concentration or section thickness
are large enou^a, screening effects are commonly observed when the
projected image of one component partly or wholly overlies the
projection of another. The "inclusion effect" tends to increase
the estimate of the relative volume csf a component vhile the
"screening effect" tends to minimise it.
The following equation has been derived to take these two
factors into account (see Proof D).
1 - Ro = (1 - R)e "7 (1)If
'.irftiere Ro is the observed ratio of the projected conponent area to
total area, R is the ratio of component volume to total volume, T
is the section thickness and L is the mean length of a random chord
of/
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of the particles. The equation applies to a collection of congruen^
convex particles. Ro, T and L are experimentally determined
quantities. From (l) R can be found by an iterative procedure and
a first approximation is given by
R = K£jj (2)
T.I
— 2D
In the case of spherical particles the mean chord (L) = -r- and (1)
and (2) become
and
I - R0 = (I - R)e"3RT/2D (J)
K
3T+2D
It should be noted that with "thick" sections the determination
of the relative volumes of two distinct tissue components with
differing diameters is not straight forward. This is because the
particle size and therefore the screening and inclusion correction
factors differ for the two components. Thus if T is large relative
to the mean diameter of two conponents their volumes relative to the
whole must be detemined separately and thence their volumes
relative to one another. It mist also be emphasised that formula
(1) is only an approximation as the analytical difficulties have
prevented an exact solution of this problem. It is probable that a
"Monte Carlo" computer simulation experiment could assess its
reliability in any particular case.
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Number Estimations
Abercrombie (1946) deals with the theory and practice of -the
enumeration of spherical and ellipsoidal components (e.g. nuclei) in
tissue sections. This has been extended to deal with conponents of
any shape in Proof E. The problem, briefly stated, is that when
the number of any tissue component is counted in a stained tissue
section, the estimate is invariably too high. A correction factor
has to be introduced to allow for the fact that any section will
include fragments of components cut through by the microtorae which
are not wholly contained within the section, i.e. an "inclusion
effect".
In the case of a random distribution of eonponent particles in
the form of equal spheres it is not difficult to see that N, the
true count, is related to N' the observed count by the equation
N sr N*. (5)
where T is the section thickness and D is the diameter of the
spheres. This follows because any sphere whose centre is within a
distance ^ from a section face must have part of its volume within
the section volume and will therefore be accounted as a particle
belonging to the section. In other words we are counting all
spheres whose centres lie within an "effective" section thickness
T + 2.| (Proof E).
It
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It can be shown that, for a random distribution of particles of
the same size and shape, the appropriate formula is
« - K'-£f (6>
where E is the mean randan chord length for the particle (Proof E).
The effect of screening on the particle count i3 more difficult
to assess than in the case of volume estimation where a definite
statistically based measurement procedure is followed. Counting
procedures depend cn a visual examination of selected fields of view
and the eye can readily deteot when two particles are overlapping
and therefore avoid the mistake of counting them as one. It is
possible that an electronic method of counting, unless adequately
sophisticated, could be defective if no correction for screening
were used, but the precise effect of screening would depend very
much car the type of electronic scanning system enployed. Because
of this no attempt has been made to construct a screening connection
for number estimations.
Determination of the Ratio of Volume to Surface Area of Tissue
Components
Cornfield and Chalkley (1951) state the result
rh/c = 4 volume/surface area
where r is length cf a line thrown many times at random over amy
randomly cut facets of a three-dimensional structure, h is the number
of/
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of "hits" scored by the ends of the line over a cut area, and c is
the number of times the line cuts the surface of the figare. A
proof of this theorem is given by Cornfield and Chalkley (195*1 )•
A simpler proof is provided here (Proof F) .
Although this result is correct when a line is randomly placed
across the randomly cut surfaces of a polyhedron it takes no account
of projection. In other words the projection of a cut polyhedron
does not correspond to the area exposed by cutting. It is
reasonable to assume that a microtome knife cuts randomly through
the structures contained in a tissue but onty if the section is a
"veiy thin" one will the projected areas approximate to the actual
areas of those structures through which the knife has passed.
In view of these arguments, this method should be used only if
the section i3 "very thin" relative to the structure whose volume/
surface ratio is being investigated. Identical objections apply
to the application of Short's result (1950-51) to volume/surface
estimation in tissue sections. It should be noted that both
Cornfield and Chalkley's (1949) and Short's (1950-51) results are
modifications of Buffon's needle problem (Kenny and Keeping, 1951) •
Another interesting adaptation of this fundamental theorem is that
of Loud (1962) in vhich he measures the length of the cell
endoplasmic reticulum in electron micrographs of ultra-thin sections
If the volume/surface area ratio (q/4) of a tissue component
is/
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is determined as above and the mean cell volume (Vm) calculated by
the methods already discussed, tten the mean cell surface area. (Sm)
can be calculated from Caucly's result (vide infra),
4Vm
i.e. Sm a ___£
Q
Cauchy's Theorem
Cauchy (1908) and Vouk (1948) have shown that the relationship
between the surface area (S) of a non re-entrant polyhedron and the
mean area of its projected image (&) is given by the equation
, s = u
If the shape of the polyhedron is determinate, the surface area (s)
can be related to its volume (V), and hence K can be related to V
through S.
Chalkley (1953) points out from a review of the literature that,
in compact tissues at any rate, the cells may approximate to the
Archimedean tetrakaidecahedron vhose surface is composed of 6 squares
and S hexagons. The relation cf surface area to volume is known for
this figure so that both can be calculated from a knowledge of its
projected area. However, it is not justifiable to assume that,
after the microtome knife has cut randomly through a tissue that the
parts of the cut cells contained within the section are
tetrakaidecahedrons. Their shapes are in fact indeterminate, and
certainly no longer correspond to the original cell shape whatever
that/
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that may be. Thus Cauchy* s theorem is inapplicable to histological
sections as cut tissue components cannot have the same shape and
size as the components themselves.
Practical Considerations
With regard to the choice of methods, ?he ther in the estimation
of relative volumes, numbers or surface areas, it is impossible to
select one method vhich is invariably superior to the other in all
situations.
In relative volume estimations there is no doubt that
Chalkley* s (1943) random point method is superior to Tala's (1952)
random line method vdth regard to ease of performance. This is
because it is easier to decide if a point lies over a structure than
to make mar\y linear measurements across structures Those boundaries
are often indistinct. Chalkley's (1943) original technique is
nonetheless inoonvenient as it involves sticking hairs on to the
microscope eyepiece so that they project into the field of vision.
The random points are formed by the ends of the hairs. In Ihe
studies reported in Section I the points of intersection of the
lines of a regular grid eyepiece graticule were used as a lattice of
random points with respect to the tissue components. In this case
randomness obtains because the positions and orientation of the grid
relative to the cell distribution are considered to be random.
Alternatively,/
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Alternatively, graticules with engraved mndom points are commercially
available.
One advantage of the "grid method" is that in the process of
obtaining the relative component volumes in any one microscope field,
the standard deviation for the whole section can also be obtained
(see Proof C and Hally, 1962l). By comparing this theoretical
standard deviation with that obtained from making observations at
rnary places in a section the reliability of the particular technique
being used can be checked. The two values will correspond only if
the method of estimation is reliable and if the mo field initially
examined is representative of the whole section, e.g. with a homo¬
geneous tissue such as liver. A regular grid graticule may also be
statistically superior to a random points graticule when the di stance
between the points of intersection of the grid is such that when one
point lies over the projection of a component, the immediately
adjacent points do not. That is, when the distance between points
is greater than the mean component diameter said less than the mean
distance between components. Fulfilment of these conditions will
yield valid results from fewer observations (Harding - personal
communication) and this fact was exploited in the investigations
reported in Section I.
In the case of a non-homogeneous tissue a single representative
sample can cnly be obtained by examining a large microscope field
which/
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which usually means low resolution and magnification. The
difficulty of small magnification can be overcome by using a
projecting microscope. With this instrument the large field
obtained v/ith a lov/ power objective can be magnified mary times simply
by increasing the distance between the microscope and the project!on
screen. If a high degree of resolution of detail is required, this
technique is of no value, and in order to ensure adequate sampling
one can only resort to the examination of many fie Ids with an
objective with higher resolving power. In general then, in order
to cut down the number of samples (fields) to be taken, one would
use an objective which will provide the largest possible field of
view conpatible with the minimum degree of resolution required.
In view of the above discussion it can be seen that the method
chosen for estimating volumes from histological secticns will depend
oh several factors. These include the mean component diameter, the
mean section thickness and the degree of accuracy desired. The
general character of the tissue under con si. deration should be
carefhlly examined in order to ensure that the theoretioal model
approximates to the real situation. For exanple care should be
exercised in defining the mean component diameter. The case of
discrete non-contiguous components such as cell nuclei is straight
forward and the correction factor derived in Proof D can be applied
using the mean nuclear diameter. However where aggregates cf cells
occur,/
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occur, it is the mean diameter of these aggregates which must be
taken into account and not the mean diameter of" the individual cells
themselves. This point is illustrated by the thyroid follicular
cells which form a "capsule" enveloping the acinar colloid.
Strictly speaking the relative volume of these cells can on]y be
obtained by estimating separately the relative follicular and acinar
volumes by substitution of the mean follicular and acinar diameters
in the correction equation. The difference is equal to the relative
total follicular cell volume. Alternatively as the mean
follicular and acinar diameters are often of the order of 5<^i to
a section is relatively "very thin" and Method A is
applicable.
Finally it is important to accept the fact that true randomness
V
in the statistical sense is not a feature of organised tissues.
Consequently, care and comraonsense are essential to obtain meaningful
results in a -theoretically intractable situation.
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PROOFS
Proof A: Line Intercept method for estimating relative volumes
If a straight line is dram through a volume of tissue (V) of
any shape whatever, containing a random distribution of, say, nuclei
of various sizes, shapes and orientations, then we require to prove
that
i - f (7)
where v is the total volume of nuclei, L is the length cxf line
within the tissue and 1 is the sum of the intercepts of the nuclei
on the line.
The proof of this is almost self-evident. If we consider the
line to be the aa±3 of a long narrow cylinder of small cross-section
then the length ratio in (7) is now a volume ratio, a ratio of a
snail volume of nuclear material to a small volume of tissue. This
ratio* in other words, is a sample of the volume ratio we desire to
measure. If we imagine this long, thin rod to be thrown randomly
within the tissue volume then the ratio cf the sum of the nuclear
volumes to the sum of the tissue volumes must approximate to the
ratio of nuclear volume to total tissue volume. Another way of
approaching this problem is to remember that any point, or tiny
volume, of the tissue is as likely as any other to be included within,
the volume of the rod. Since the nuclei are randomly scattered
within the tissue space the result is intuitively obvious. This,
of/
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of course, gives no estimate of the expected standard deviation of
this method of estimation. In practice a succession of readings
for various random positions of the rod will provide an experimental
value for the standard deviation.
Proof B; Plane intercept method for estimating relative volumes
V
We consider again the same distribution of nuclei in tissue and
a random plane cutting through the tissue.
If "A" is the area of 12ie plane, and "a" is the total area of
intersection with the nuclei, we wish to show that
The proof is analogous to the proof given above by considering
the plane replaced by a thin lamina.
Proof C: Random points in space method for estimating relative
volumes
As before, 7® consider a volume V of tissue containing a random I
distribution of nuclei ;daicix may be of various 3izes, shapes and
orientations. If a point is taken at random in this volume, the
v
probability that it will be inside a nucleus i3 — where v is the
total volume of nuclei. If any other point is taken we have the
same probability associated vdih it. If N points are taken then
the probability that r points lie in nuclei is given by the
(r + l)^*1 term of the binomial expansion (q + p)1* where p = ^ and
q = 1 - p.
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The mean of this distribution is Np and the standard deviation
is /Npq. In this case the mean number of points lying inside nucle:.
will be N.^ with a standard deviation (1 - .
In the two-dimensional case where a rectangular lattice over¬
lies the projected image of a section of tissue, a similar analysis
shows that the fraction of points lying over nuclei is equal to —
where a is the projected area of nuclei in a section area A. The
conditions under which this area ratio is equal to a volume ratio
are treated in the text and in Proof D.
Proof D; Correction Factor for Relative Volume Estimations from
Thick Sections
The formulae normalDy used to estimate volume ratio of
components are only strictly accurate when applied to vanishingly
thin sections. In practice (see Fig. 22) the sections have a
finite thickness and vhat is seen in the microscope is the projection
of the discrete objects, nuclei for example. As the -thickness
increases, screening of one object by another flirther complicates
the issue. It would be useful if the volume ratio (R) could be
determined directly from the data obtained from a "thick" section
and an effort has been made to do this.
If we are looking at a section, the information which we can
derive from it by any of the methods previously described is
essentially a statistical estimate of the fraction of the section
which/
gig' g?
The Estimation of the relevant volume of a oomponent from a
thick tissue section by superimpositicn of random points
over the projected image of the section.
See text for explanation of diagram.
The Estimation of the relative volume of a component from a
thick tissue section by superimposition of random points
over the projected image of the section.
See text for explanation of diagram.
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which is covered by the projection of the discrete particles, or
alternatively the f recti on which is free of objects or their
proj ecti cms •
We assume a random distribution of spheres each of diameter D.
The volume ratio is taken to be R. We want to estimate the
probability, fc, that a line passing perpendicularly throu^i the
section, will not intersect any of the spheres. If we refer to
Fig. 23 we can see that the probability cf the line AB passing
through the section is the product of two probabilities, v/hich we
assume to be independent; (a) that the point A lies on a part cf
the rim of the section not on or inside a sphere and (b) the
probability that the volume of the cylinder of diameter D with AB aa
axis is not occupied by the centre of a sphere. This cylinder has
a hemisphere removed from the bottom and a hemisphere added at the
top and its volume is-J^B^T. Hie fact that A does not lie inside a
4
sphere means that there can be no sphere centre va thin a radium —,
of A and for this reason we "excavate" a hemi here from the bottom
of the cylinder. At the top of the cylinder we must include the
extra hemisphere because any sphere, with a centre within this hemi¬
sphere, will cut the axis AB. Points A' and B' lie on the intercept
of the axis AB with the bottom and top hemispheres respectively.
Consider a point S distant r from A' along the axis AB. Let
P(r) be the probability that there is no sphere centre within the
cylindrical/
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cylindrical volume between A' and S. Let P(|r) be the probability
that there is no sphere centre within the cylindrical volume between
r and (r + where £r is a small increment of r along the axis
A£. Again assuming the independence of probabilities we can write
P(r * ir) = P(r) . P(4r) (9)
If tic volume, Sv, of cylinder between r and (r + ir) is small then
n0iY is the probability of at least one sphere centre lying within
this volume where nQ is the mean number of centres per unit volume.
The value of n0 is given in terms of E, the volume ratio, by -the
relation.
_ since in unit volume the sphere
volume = R = no-it2..(—)^
3 2
Hence P(r + 4r) s P(r). (1 - nattf)
= Hr) . (1 -f§3^) = Hr) . (1 - J fir) (11)
s -|.|.p(r) ^
Integrating 3 p
P(r) = e*Z*" (13)
since P(o) = 1 i.e. when r = o the probability of there being no
sphere centre between A* and S = 1. This expression gives the
probability (b) mentioned above. lie must now find the probability
(a). This is the probability that A does not lie on or inside a
sphere and is given 5imply by (l-R). Hence the total probability
that the line passes across the section without cutting a sphere (fo),
is/
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is the product of probabilities (a) and (b).
Hence, for a section of thickness T we get
RT
fo = (1-R) e 2* O*-)
RT where Ro is the
or 1-Ro = (1-R) e probability that
the line does out
through a sphere,
°r R s (16)
3T+2D
This result should be compared to the formula stated (without
proof) by Eranko (1955) which does not take account of screening of
one particle by another, and consequently can only be applied to
infinitely thin sections vhich strictly speaking cannot be obtained.
Clearly the derived expression is not entirely adequate in
dealing with thick sections and large R. This is because the
assumption of a Poisson distribution is more valid wiih smaller
values of R, i.e. wiih large R the distribution vd.ll depart from the
Poisson because of geometrical constraint brought about by the finite
size and. solid nature of the components.
Proof E: Tissue Particle (e.g. Nuclear) Counting
Fig. 24 is a two-dimensional projection of the nuclei in a
volume of tissue on a plane perpendicular to a section of tissue
bounded/
Fig. 24
Estimation of the correct number of tissue conponents per unit
volume from a microtome section.






Estimation of the correct number of tissue components per unit
volume from a microtome section.
See text for explanation of diagram.
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bounded by AB and CD. It is obvious that some nuclei would be cut
through by the microtome and counted as belonging to the section
even if only a small part belonged to the section. It is desired to
find a correction for this effect in the case where there is a
distribution of sizes and shapes of nuclei and a random orientation
of nuclei. We shall associate each nucleus with a point, so that
there is a one-to-one correspondence between points and nuclei.
Since the nuclei are randomly distributed, the points will be
randomly distributed. For each nucleus a point P is chosen, lying
in the nucleus and equidistant from two limiting tangential planes
to the nucleus, QR and ST, which are parallel to the planes AB and
CD of the 3ectioi. The distance between the tangential planes is
the effective length of the nucleus perpendicular to the section.
Because of the spread of nuclear sizes and orientation, there will
be a spread of effective lengths and those lengths will also be
randomly distributed with respect to the plane3 AB and CD.
Consider all these nuclei whose effective lengths are within the
limits Lr + If we take 4 small enough we can consider each
member of this sub-population to have the length Ly. If we draw
Lj.
two lines A'B' and C'D' each distant -jjf from AB and CD, respectively,
then the nuclei corresponding to all points P situated between A'B'
and C'D' will be counted as belonging to the section, i.e. as if
they lay between AB and CD. If this number i3 N*r then the number
of/
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of points actually within the section (Kr) will he given by the
equation
Nr = Nr' • ~r~7 = Nr' . ,2, where T = section thickness (AC)A c T + Lp
Therefore Nr' = Nr . T * ** (16)
T
This can be repeated far each sub-population and the final
result obtained by summation. Hence
£rt»r . Xr(H» . LliS) =Xlar ♦ i XrfIr.V (1?)
Now the mean effective length for the whole population of
nuclei (i^) is given by
L~ =M?'r * (18)
and from (16) and (17) we obtain
*r(K'r) = M«r) (1 -i?) (19)
or Xl»r - M"'r) • (20)
In the case of a random distribution of equal spheres 1^ is
simply the diameter of the spheres. In any other case Ljq is the
mean nuclear length. This is obtained by measuring the length of
max^y nuclei in any one direction, e.g» from left to ri$it across a
microscope field with the delimiting tangents (see Pig. 24) always
perpendicular to the direction of scan. Assuming a random
distribution/
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distribution and orientation of nuclei this procedure gives the mean
nuclear length perpendicular to the plane of the section.
Equation (6) gives the corrected number of points in terms of the
number of nuclei counted, the section thickness, and the mean
effective length cf the nuclei. The volume containing this number
of points is equal to the product of the section thickness (T) and
the area (a) delineated by the eyepieoe graticule, under which the
nuclei are counted. Hence one can calculate the number of points
(= nuclei) in the vhole organ.
i.e. Nt « igN . JL (21)
T.A
where N-fc is the total number of nuclei in the whole organ and V is
the volume of the organ. T and A as before.
Proof Fi Random line method for estimating surface/volume ratios
It is required to prove that rh/c = d = ~ where r is the
length of a line thrown down randomly maiy times over many randomly
cut facets of a solid figure, h is the total number of "hits" scored
by the ends of the line on the cut facets, c is the nuniber of times
the perimeter cf the facets is out by the line, and I is the mean
chord intercepted; S is the surface area and V the volume of the
solid figure.
Consider ary random straight line which cuts a solid figure in
two points, P and Q and let PQ = d (Fig. 25).
Mark/
Fi*. 25
Determination of the volume/surface area ratio of a body
by the super-imposition of randan lines over rondo inly






De tenrdnation of the volume/surface area ratio of a body
by the superimposition of random lines over randomly
cut facets of the body. See text for explanation
of diagram.
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Mark two points, P' and Q* on the line PQ produced such that
PP' = QQ* = r = the length of the line considered in Cornfield and
Chalkley'3 formula (1951)* Since the positions of the line r in
space are purely random it follows that these positions which lie on
P'Q' will also be random and therefore ary position along P'Q* is as
likely as any other. Now consider "the line r, with its left-hand
end initially coinciding with P* to move uniformly along P'Q* until
its right-hand end coincides with Q'. Positions of this line
outside this range do not contribute cuts or hits to Chalkley's
equation. Considering "cuts", we can see that while the left-hand
end of the line moves from P* to P, and while the right-hand end
moves from Q to Q', the perimeter of the facet will be cut.
Considering "hits" we can see that while either end of the line is
moving from P to Q "hits", will be registered.
Ilence summing for all possible positions of the line r with
respect to the facet we obtain
JLMiS , £2d a (22)
I cuts 12r £ r '
Now if we consider a very large number n, of randomly seleoted
lines r we have





r nr ~ r (24)
The/
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The approximation tending to equality when n )
Hence £ = 1 hit? = I
c cuts r
or mean chord = d = ~* (25)
but d = r» = ^~ (from Caud^y' s theorem)
where A = mean projected area of the solid
and S n surface area of solid
Therefore which is Cornfield and Chaliiley's formula (26)
c S
Prom the nature of the proof it can be seen that the result also
applies to re-entrant solid bodies.
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SUWMY
The theory and practice of counting and volume and surface area
determinations in quantitative histology are critically examined.
In an attempt to place these on a sounder footing mathematical
proofs of some relevant theorems are presented. These include
(A) The general validity cf the correction factor T
L + T
which relates the correct count of a coup onent (mean diameter L) to
the observed count in a section of thickness T.
(b) If a straight line is drawn through a volume of tissue (V)
containing a random distribution cf a conponent then -i = — where v
L V
is the total volume of that component, L is the length of line
within the tissue end 1 is the sum of the intercepts of the
components on the line.
(C) If a random plane of area A is drawn through a tissue and
a total area of the plane (a) lies with a component then — = ^A V
(symbols as in B).
(d) If a number of points are distributed randomly through¬
out a know® volume (v) then iha frocticn of points coinciding with
any one component » 1 (symbols as in B).
(e) For a thick section the relative projected area of a
conponent is not proportional to its relative volume (R) as has
previously been assumed, e have derived a correction formula which




i.e. fQ = (1 - R)e"2 D
where fQ is the fraction of random points not 3ying over the
component under consideration, R is the relative volume of iiiat
component and D its mean diameter. T is the section thickness.
This correction formula is not very satisfactory for large values of
R or T.
(p) The validity cf the formula relating the surface area (s)
of a ccnponent to its volume (V), i.e. itl = .—1 where r is the length
of a line thrown many times at random over many randomly cut faoets
of a three-dimensional figure, L is the number of hits scored by the
ends of the 15.ne over the cut area, and c the number of times the
line cuts the surface of the figure.




APPENDIX TABLE 1 - Experiment P




























































































APPENDIX TABLE 2 - Experiment A (Controls)
Effects of HethylthiouraciL (M.T.) on the r>at Thyroid uland »eiqht,


































































































































APPENDIX' TABLE 3 - Experiment A (Goitrogenic Response)
Effects of Hethylthiouraci I on the Rat Thyroid Gland eicftt,
Mean Follicular Cell Concentration and Mean Follicular Cell Volume
Days G.W. M.C.V. F.C.C. Days G.W. M.C.V. F .c.c.on
M.T. (mg.) /-5 106/10m.3 onM.T. Ug.) 10' 'lOffltn.3
16.3 863 3.59 37.3 1703 3 .58
16.2 1275 3.53 53.0 1535 2187
0 19.6 804 3.89 12 36.8 1528 • 3 .53
10.4 1437 3.41 49.5 1622 3 h39
13.4 1065 4.13 44.4 1585 3 .27
16.0 1332 3.30 42.1 2007 3 ,04
18.4 1146 3.83 56.5 1734 3 .17
2 10.6 871 4.81 14 40.8 2074 3 .13
18.6 1158 4.05 58.5 1850 3 ,13
12.4 1023 4.00 47.4 1323 4 .60
10.4 1513 3.96 40.2 1821 3 .57
11.2 1301 3.22 46.8 1331 4 .20
4 20.8 1667 3.95 16 61.6 1596 3 .82
19.6 1143 4.19 41.0 1812 3 .42
19.7 1445 3.87 62.3 1673 3 .34
29.2 1861 3.27 42.0 1482 3 .37
23.6 1712 3.21 41.2 1610 3 .35
6 31.9 1174 4.08 18 43.6 1700 3 .29
24.3 1535 3.25 41.2 1640 3 .65
25.1 . 1319 3.49 41.1 2060 2 .96
22.2 2021 3.36 39.9 1902 3 .10
36.0 1060 3.67 31.2 1824 3 .45
8 27.4 1281 4.52 20 61.6 1833 3 .27
25.5 1107 5.34 69.8 1762 3 .00
34.4 996 3.61 62.7 1688 3 .49
36.8 1682 3.32 55.7 1605 3 .98
19.6 1191 5.94
22
55.5 1441 4 02
1G 39.0 1430 3.70 76.0 1740 3 .21
46.0 1297 3.68 42.7 1517 3 .29
38.6 1411 3.48 58.7 1555 3 .60
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APPENDIX TABLE 4 - Experiment G - (0 rads)
Effects of Methylthiouracil on the Rat Thyroid Gland weight,
Mean Follicular Cell Concentration and Mean Follicular Celt Volume





(rag.) 106/10bi,I.3 onM, (rag.) 10 '/10nus ,3
24.4 1764 '2.76
15.0 1152 3.23 32.2 1543 4.11
14.2 907 3.61 30.9 1595 3.92
10.2 1189 4.72 8 30.3 1591 2.9716.0 1367 3.54 39.8 1773 2.93







36.5 1533 3.620 10.0 925 3,91
13.3 1138 3.20 37.2 1411 4.41
12.4 1108 3.27 35.8 1521 3.56
13.1 978 3.82 10
43.5 1270 4.63
13.8 835 3.53 33.0 1529 3.62
16.0 1007 3.78 34.4 1787 3.36
14.0 1056 4.45 43.0 2019 3.13
11.4 851 4.05 48.5 1915 3.68
12.7 982 4.21 43.6 2118 3.06
14.1 923 3.37 47.0 1677 3.43
7 16.1 1283 3.77 12 33.5 1570 3.52u
15.9 1085 3.61 38.4 1757 3.52
13.2 825 3.22 40.4 2318 3.00
12.0 991 3.95 37,2 2131 3.05
17.3 1240 2.90 60.6 1704 3.86
17.1 1140 4.29 38.8 1661 3.03
23.8 1308 3.71 52.0 1404 3.83
4 15.8 1112 2.91 14 54.3
1540 3.92
15.6 1119 3.29 36.4 1814 2.76
15.4 1205 3.21 45.1 1516 3.56
15.0 1221 3.72 70.2 2069 3.84
22.0 1737 3.52 58.3 2028 3.46
21.4 1766 3.52 53.6 1773 4.17
20.9 1714 4.20 42.6 1860 3.20
6 30.8 1733 3.40 16 40.2 1916 3.53
28.8 1850 3.37 49.9 1980 3.62
24.1 1651 3.49 45.8 1751 2.79
24.0 2114 3.77 52.7 2295 3.23
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APPEND IX TABLE 5 - Exper inept G (200 rads)
Effect of X-lrradiation on the FoUicutar Cell Coneeniration and Goitrogenic






M.T. (nig,) 10®/l0mm.*J HT (nig.) 106/10mm.3
16,2 3.31
11.8 3,01 43.0 4.11
12,6 4,34 42.6 3.68
133 3,89 36.8 3.10
12,1 3,51 12 23.7 4.32
12.0 4,46 34.8 3.36
11,2 4,51 31.3 3.51







15,2 3.07 41.6 3.60
12.4 3,26 30.5 3.69
11.0 4.61 38.7 3.82
2 18,6 3.51 14 34.0 3.43
11.2 3,52 41.5 4.11
11.1 3,08 41.4 3.66
12.6 3,85 41.6 3.75
16.0 3.45 42.4 4.03
20.7 2.78 32.4 3.98
18.6 2.85 46.7 3.63
4 11.7 4.07 16 34.1 3.89
19.7 3.22 42.0 3.25
19.6 3.34 36.8 3.62
11.4 3.95 37.4 3.45
25.1 3.28 46.2 3.93
25.2 3.09 56.4 3.89




6 24.5 2.91 37.7 3.89
23.6 2.48 71.6 3.20
19.7 5.13 40.8 2.93
30.5 3.65 33.4 3.63
29.8 3.22 36.3 3.62
26.4 3.19 31.6 3.72
8
34,8 3.38 oft 41.8 3.85
20.7 3.75 20 37.7 3.49
23.5 2.88 53.4 3.97
22.3 2.61 45.0 3.98
29.2 3.54 56.6 3.63
39.3 3.57 53.2 3.62
29.8 3.14 43.2 3.84
10 29.5 2.96 22 71.2 3.61
32.7 3.73 61.6 2.71
47.2 3.64 37.6 4.20
28.5 3.71 43.1 4.17
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APPENDIX TABLE 6 - Experiment G (300 rads)
Effect of A-lrradiation on the Goitrogenic response of the /cat Thyroid





























































































































































APPENDIX TABLE 7 - Experiment G (400 rads)
Effect of X-lrradiation on the Follicular Cell Concentration and Goitrogenic








10.4 3.87 36.4 3.08
10.9 3.39 32.9 4.43
20.5 4.09 32.3 3.66
14.2 3.35 12 34.4 3.52
15.4 3.23 37.0 3.35
0 13.4 3.75 32.4 3.76







15.5 3.99 41.0 2.99
11.7 4.15 37.5 3.22
11.0 3.67 38.9 3.32




13.3 4.55 67.0 2.67
10.4 3.78 33.7 2.83
15.7 3.19 40.0 3.64
18.2 3.04 30.0 4.47
20.5 3.38 40.4 4.08
4 16.6 3.47 16 27.2 3.56
11.2 3.95 33.3 3.60
18.8 3.62 43.9 3.94
15.8 3.47 25.2 3.99
29.7 3.62 43.1 3.61
24.0 5.62 41.4 3.37
26.2 3.48 27.5 4.68
L 22.5 3.34 36.2 3.740
27.4 3.02
IO 30.4 3.78
I 24.0 3.73 32.7 3.82
30.2 2.72 38.9 3.67
.
39.7 3.59 46.2 3.71
I
30.1 3.77 40.0 3.50
j 19.8 3.26 36.2 3.72
8u 34.5 3.15 20 51.2 3.33
29.7 3.45 31.0 3.33
j 27.8 2.93 45.8 4.24
I 20.1 3.20 26.0 3.44
! 35.4 3.44 38.2 3.71
22.6 3.48 30.8 4.02
30.8 3.28 40.3 3.96
10 30.6 3.65 22 36.6 3.26
41.9 3.61 32.0 4.21
23.5 3.07 33.6 3.51
25.5 4.13 41.2 4.10
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APPENDIX TABLE 8 - Ejperiment H (0 rads)
Effects of X-lrradiation on the Mean Follicular Celt Concentration and
Goitrogenic Response of the Pat Thyroid to




























































































































APPENDIX TABLE 9 - Eiperlnent H (600 rads)
Effects of X-lrradi ati on on the Goitrogenic Response of the








































































































































APPENDIX TABLE 10 - Experiment H (800 rads)
Effects of X-irradiation on the Mean Follicular Cell Concentration and
Goitrogenic Response of the Rat Thyroid to
















































































































































































































































APPENDIX TABLE 11 - Experiment H (1000 rads)
Effects of X-lrradiati on on the Mean Follicular Cell Concentrati on and
Goitrogenic Response of the Rat Thyroid to



































































































































































































































































































































APPENDIX TABLE 12 - Experiraent J (0 rads)
Effects of X-lrradiati on on -the Mean Follicular Cell Concentration and























































































































APPENDIX TABLE 13 - Experiment J (1500 rads)
Effects of X-lrradiation on the Goitrogenic Response of the






















































APPENDIX TABLE H - Experi merit J (2500 rads)
Effects of X-lrradiation on the Mean Follicular Cell Concentration and


























































































APPENDIX TABLE 15 - Exparimerit H (0 months)
Comparison of the Goitrogenic Response of the Rat Thyroid to MethyLthiouracil (H.T.)
At Intervals after 1000 rads X-lrradiation
Days on G.W. E.C.C. „ Days on G.W. F.C.C. 7












11.0 4.54 21.4 3.00
8.7 4.21 25.0 3.66
n.9 4.12 8 22.0 3.13
13.7 4.30 24.2 2.99
9.3 3.91 42.0 3.06














10.8 4.28 17.8 3.40




4 12.3 3.17 30.2 2.64
12.4 3.40 33.8 3.40
11.7 4.17 23.4 3.92
7.6 5.21 dead
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APPENDIX TABLE 16 - Experiment H (3monihs)
Comparison of the Goitrogenic Response of the Rat Thyroid to Methylih jouracil (H.T.)
At Intervals after 10 00 rads X-lrradiati on
Days on G.W. F.C.C. Days on G.W. F.C.C.
H.T. (rag.) 106/10mm.5 H.T. (rag.) 106/10mm.'
12.7 4.22 22.9 3.73
12.1 4.36 17.4 4.02
0 5.4 4.34 6 16.9 2.95
14.4 3.36 15.7 3.30
10.0 4.01 22.2 3.65
12.4 2.81 22.6 4.77
15.4 4.75 15.6 3.46
2 16.7 3.76 10 22.6 3.73
14.6 3.44 19.5 4.29
16.9 3.41 • •
23.8 3.09 18.4 3.26
8,1 4.62 17.7 5.32






APPENDIX TABLE 17 - Experiment H (6 months)
Comparison of the Goitrogenic Response of the Rat Thyroid to MelhyLthiouraci i (M.T.)
At Intervals after 1000 rads X-lrradiation
Days on G.W. F.C.C. Days on G.W. F.C.C.
H.T. (rag.) 106/10mm. H.T. (rag.) 10°/10mni,
14.3 4.25 17.0 3.68
19.8 3.71 16.6 4.65
0 15.7 5.12 6 21.2 2.88
9.1 3.58 24.2 4.07
12.7 4.10 27.0 3.26
13.9 5.17 19.8 4.00
15.4 4.02 21.3 4.09
2 18.6 3.63 8 24.1 3.64
18.5 3.74 15.8 3.33
12.1 3.96 20.7 3.29
21.1 4.47 17.9 4.38
14.3 4.26 18.6 4.90
4 21.8 3.91 10 17.1 3.72
15.6 3.91 23.5 3.37
15.7 3.15
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AifEHOIX TABLE 18 - Experiment H (9 months)
Comparison of the Goitrogenic Response of the Rat Thyroid to Methytthiouraci t (M.T.)
At Intervals after 1000 rads X-lrraHiat ion
Days on G.K. F.C.C. , Days on G.W. F.C.C. ,
M.T. (aig.) 106/1(W M.T. (ing.) 10"/10mm.3
13.2 3.11 20.7 3.02
8.6 2.87 21.8 3.50
0 1U 5.23 6 16.3 3.77
11.5 5.55 16.3 4.88
12.3 4.98 21.8 3.72
10.8 3.80 16.4 3.65
U.9 3.67 18.9 4.28
2 13.6 4.09 8 16.7 3.76
12.5 4.57 20.5 3.79
11.7 3.85 18.0 3.87
14.5 4.28 15.9 3.69
19.5 2.95 39.3 3.45
| 15.3 3.43 1 n 26.0 3.11
15.1 3.28 1U 13.0 4.21
19.3 3.53 22.9 2.76
r
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APPENDIX TABLE 19 - Experi merit H (12 months)
Coriparison of the Goitrogenic Response of the Rat Thyroid to Hethylthiouracil (H.T.)
At Intervals after 1000 rads X-1 rradi at ion
Days on t.W. F.C .0. Days on
..
G.Wj. F.C.C.
M.T, (rag.) 106/iomm.3 M.T. (mg.) 106/10BU,3
14.9 4.17 15.3 2.98
0 29.0 3.24 10 17.8 3.54
7.4 3.90 17.2 3.86
9.4 5.02 22.3 3.75
2 15.9 3.93 12 19.5 4.65






Long Term Effect of 1000 rads X-lrradiation on ihe One Hour Percentage Uptake
























































































Short Terns Effect of X-Irradiation on ths One Hour Percentage Thyroidal Uptake
of a Tracer Dose of Radioiodine (^I) in the Rat
Hours After Rad Dose
Irradiation 0 500 1000 1500 2000 2500
10.3 14.1 4.6 4.5 5.5 7.0 8.6
18.1 16.3 6.8 6.5 8.5 9.2 5.9
1 10.5 9.5 11.2 6.8 7.1 11.0 6.2
12.2 11.7 8.2 3.2 14.9 11.3 4.4
12.2 10.5 10.1 7.6 12.3 9.0 4.6
12.4 15.0 8.1 8.8 6.8 10.4 7.3
8.3 13.3 18.7 10.7 8.4
12.5 8.6 13.7 8.0 12.0
11.2 21.1 21.4 7.7 13.4
6 15.G 8.7 20.0 - 12.2
14.3 21.3 27.5 18.6
18.5 18.7 16.5 14.9
10.3 11.0 9.1 15.1 14.7
19.9 14.7 12.1 11.7 17.4
01 14.9 15.7 13.3 24.9 23.124 10.5 16.7 19.2 21.2 9.2
14.8 21.6 12.0 14.8 17.0
10.3 13.7 11.8 16.6 13.1
11.4 24.0 18.6 19.5 15.4
21.1 10.0 17.8 27.1 14.5
48
8.7 8.2 17.3 22.4 .
16.8 16.5 14.7 26.0 17.8
13.3 15.5 20.6 16.8 14.3
22.5 23.2 11.9 20.9 19.7
10.5 8.1 5.3 9.5 11.5
13.0 5.9 6.7 9.2 15.7
7? 7.8 14.4 10.4 10.8 13.9ft.
12.4 8.4 11.0 10.0 11.7
13.9 7.5 9.7 12.1 7.3
13.5 11.3 5.9 13.2 8.7
12.0 6.6 12.0 19.5 7.0 9.9 12.8
10.7 12.8 13.6 - 5.8 5.1 3.8
96 10.2 11.8 17.5 12.4 7.2 9.7 4.9/U
10.8 15.9 17.6 15.1 8.4 8.8 3.6




Effect of 800 rads X-radiati on (^Co) on Thyroidal. Discharge of a Tracer Dose




Counts (x10M per minute (Corrected for Radioactive Decay)
Patient 1 Patient 2 Patient 3 Pati ent 4 Pati ent 5
-7 6.1
-6 5.6 10.1
-5 7.1 5.1 9.2 6.5
-4 6.6 4.7 8.4 16.3 5.9
-3 6.5 13.4 5.1
-2 5.9 6.8 5.0





+1 5.8 2.9 4.7 8.4 3.9
+2 5.0 2.5 4.4 7.0 3.9
+3 4.8 2.15 7.3
+4 4.1 3.3
+5 3.7 2.2 2.7
+6 3.2 1.9 3.2 5.2 2.8





Effect of 800 rads Eradiation (^Co) on Thyroidal 50 minute Radioiodine Qffi)





30 minute % Uptake of a Tracer Dose of ^2\
Patient 1 Patient 2 Pati ent 3 Pati ent 4 Pati ent 5
•6 25.0 12.5 17.5
-5 18.5 14.0










+2 30.0 19.0 19.5 19.5
+3 24.0 15.5 40.5 9.5
+4 20.5 10.5
+5 50.0 13.5 13.5
+6 28.0 16.0 17.2 12.0
+7 16.5 50.5 12.0
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